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its  ESR  spectra  observed  in  the  temperature  range  of 
lOK.  This  has  allowed  the  transitions  to  be  assigned  to 
and  S*5  spin  states  of  the  antiferromagnetic  molecule. 


The  picture  of  this  molecule  as  a van  der  waala  species  has 
been  supported  and  the  possibility  of  exchange  striction  in 
this  molecule  has  been  investigated.  The  bonding  in  this  mole*- 


cule  has  been  compared  to  that  of  Cr^,  Hn^*^,  ar 
viously  unobserved  crMn.  with  regard  to  the  Iasi 
ESR  spectra  have  established  their  ground  states 
respectively. 

The  ESR  spectrum  of  the  diatonic  molecule 
in  argon  has  established  its  ground  state  as  ° 
contrast  to  its  isoelectronic  counterpart  Tiv  wt 
a ground  state.  Derived  magnetic  parameters  I 
cule  have  been  interpreted  and  discussed  in  ti 
dc^do'^ds^dS^  electronic  configuration. 


the  pre- 


isolated 


Attempts  have  been  made  to  study  clusters  of  transition 
metal  halide  molecules  trapped  in  various  matrices.  These  have 
thus  far  been  unsuccessful,  although  most  obvious  experimental 
have  been  overcome.  Explanations  and  future  possibil- 


problens 


CHAPTER  I 
INTFOOOCTION 

Diaers  and  Clusters 

The  increasing  use  of  aioroscopic  sise  structures  in 
electronic  and  other  applications  fl)  has  eaphasized  the  need 
for  knowledge  of  electronic  and  structural  properties  of  those 
species  known  as  clusters,  which  bridge  the  gap  between  bulk 
setter  and  Isclated  atoms  or  nolecules.  Rudinentary  to  the 
understanding  of  larger  clusters  is  the  need  for  a sound 
background  knowledge  of  the  bonding,  and  electronic  and 
magnetic  properties  of  the  saallest  of  clusters,  diners.  In  a 
few  cases  studies  of  these  small  species  have  been  successful- 
ly correlated  with  trends  observed  in  the  bulk  state  (2] . The 
greatest  problem  with  the  study  of  these  species  is  their 
instability  under  normal  laboratory  conditions.  Perhaps  the 
most  serious  problem  for  the  spectroscopist  is  the  production 
of  the  molecule  in  sufficient  quantity  to  allow  spectral 
observation.  This  is  compounded  by  the  fact  that  in  the  case 
of  many  of  these  molecules  their  production  entails  high 
temperature  and/  or  high  energy  processes.  For  Instance,  metal 
clusters  are  commonly  formed  by  vaporization  of  the  metal  from 
a heated  Knudsen  cell  or  by  laser  vaporization  of  a target.  In 
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p to  5000  K.  In  general,  a group  of  noleculee 
le  ways  will  contain  a statistically  signifi' 
pecies  in  excited  states.  A highly  useful  tool 
3e  moleculea  has  been  the  experinental  tech- 
isolation. 

Hatrix  Isolation 

As  the  name  implies  the  goal  of  the  matrix  isolation 
experiment  is  to  trap  the  molecule  of  interest,  isolated, 
within  a noninteracting  solid.  This  is  usually  accompliehed  by 
mixing  a molecular  beam  of  such  molecules  with  a large  excess 
of  gaseous  matrix  material,  usually  one  of  the  rare  gases. 
This  mixture  is  then  condensed  upon  a cryogenically  cooled 
substrate  appropriate  to  the  spectroscopic  method  being 
employed.  Such  experiments  are  normally  carried  out  under  high 
vacuum  conditions  with  pressures  less  than  10“®  torr.  The 
cryogenic  trapping  involved  does  a great  deal  to  solve  the 
problems  mentioned  above,  since  temperatures  near  0 K are 
necessary  to  condense  the  gases  utilized  i: 


experiments 
its  ground 


e trapping  of  the  species  also  eliminates 
in  the  molecular  beam,  and  in  this  way  a 
tion  of  highly  unstable  species  may  be  built  up  for  spectro- 
scopic investigation.  The  technique  has  proven  useful  in 
studying  a wide  range  of  unstable  species.  Ths  coverage  of 
matrix  isolation  here  is  limited  to  that  necessary  for  the 


cosprehension  of  succeeding  chapters,  and  the  reader  who 
desires  further  information  is  referred  to  the  references  (3- 
20) . 


Matrix  isolation  spectroscopy  requires  the  design  of 
equipment  with  several  critical  features.  The  first  of  these 
is  probably  the  choice  of  substrate  onto  which  the  matrix  will 

specific  type  of  spectroscopy  performed.  In  the  case  of 
Electron  Spin  Resonance  (ESK)  spectroscopy  the  substrate  is  a 
rod  of  varying  dimensions  made  of  either  a non-magnetlc  metal 
or  single  crystal  sapphire  or  quartr.  Optical  transmission 
spectroscopies  require  substrates  such  as  al)cali  metal  halide 
1 transparent  to  the 


windows  or 
radiation  i 


similar  materials  h 


t conductivity  o 


particularly 


important  whan  a matrix  gas  such  as  neon  is  used,  which  is 
highly  volatile  at  even  very  low  temperatures  and  therefore 
makes  maintaining  adequate  cooling  crucial.  In  the  extreme 
this  may  require  the  use  of  highly  thermally  conductive 
materials  such  as  singls  crystal  sapphire  windows  and  rods,  or 


The  choice  of  proper  matrix  material  for  a given  experi- 
ment can  be  crucial  to  the  success  of  the  experiment.  Require- 
ments for  the  proper  matrix  material  include  transparency,  as 
in  the  case  of  the  substrate,  minimiaation  of  interaction  with 


trapped  species,  and  stable  temperature  range.  Ideally 


matrix  isolation  one  wishes  to  duplicate  the  gas  phase 
environment  as  closely  as  possible.  Typically  this  requires 
the  matrix  material  to  be  non-perturbing.  This  is  never 
actually  attained,  although  perturbations  are  near  a minimum 
in  solid  neon.  The  matrix  gas  is  normally  required  to  be  non- 
reactive with  regard  to  the  species  vaporized,  even  though 
occasionally  an  additional  gas  is  admitted  with  the  matrix  gas 
in  order  to  react  and  form  a desired  product.  In  this  regard 
a limitation  of  ESP  spectroscopy  is  turned  to  some  advantage. 
Since  a species  must  contain  at  least  one  unpaired  electron  to 
show  an  ESR  spectrum,  any  contaminant  species  which  are 
singlets  are  not  observable  in  ESR  spectra,  similarly  species 
with  orbitally  degenerate  ground  states  are  not  normally 
observable  with  matrix  ESR.  These  demands  make  the  noble 
gases,  neon,  argon,  krypton,  and  xenon  the  most  widsly  used 
matrix  materials.  Other  commonly  used  materials  are,  CH.,  N., 


SFg,  C^Fg,  CF^,  and  C^Hg.  The  latter  group  is  commonly  used 
when  a larger  useful  temperature  range  is  needed  for  a 
particular  experiment  or  upon  occasion  if  the  species  of 
interest  can  be  produced  by  reaction  of  the  matrix  material. 
The  requirement  that  the  matrix  material  be  transparent  to  the 
radiation  used  in  a particular  spectroscopic  study  reduces 
this  last  group's  utility  in  optical  studies.  The  four  noble 


gases  mentioned  above  provide  a variety  of  molecular  sizes  and 
overall  good  useful  temperature  ranges. 

The  temperature  range  over  which  motion  of  trapped 
species  may  occur  in  the  matrix  solid  is  extremely  important 
as  far  as  annealing  processes  are  concerned.  Annealing  or 
warming  of  the  matrix  to  allow  such  notion  is  a common  method 
of  producing  larger  clusters  from  trapped  atoms  and  small 
clusters.  It  is  also  important  in  resolving  spectra  by 
rearranging  molecules  trapped  in  thermodynamically  less  stable 
sites.  In  this  regard  the  noble  gases  differ  in  their  useful- 
ness. Neon  is  a desirable  matrix  material  being  the  least 
interactive  of  these  gases,  but  it  is  also  the  most  volatile 
and  is  difficult  to  work  with  much  above  4 R.  Argon  and 
krypton  tend  to  be  more  widely  useful  choices  because  they  are 
readily  condensable  at  temperatures  attainable  with  closed 
cycle  refrigeration  systems  and  their  workable  temperature 
range  is  up  to  ten  times  as  largs  as  neon.  Xenon  has  the 
largest  useful  temperature  range  but  also  tends  to  be  the 
least  desirable  for  other  reasons.  It  has  a higher  polariza- 
bility and  is  therefore  more  perturbing  than  the  others;  also 

signals. 

Upon  occasion  relatively  high  temperatures  are  necessary 
for  matrix  isolation  experiments.  When  a low-lying  excited 


BUate  is  to  l>e  studied,  natrlx  raaterisls  such  as  SF^  or  c^Hg 
can  be  useful  alternatives  to  the  noble  gases.  Fluorinated 
hydrocarbons  such  as  CP^  and  C^Fg  can  also  be  useful  when 
reaction  of  the  species  of  interest  with  hydrocarbons  is  a 
particular  problem. 

The  choice  of  matrix  gas  is  the  determining  factor 
cryogenic  method  used  in  the  isolation  experiment  Common 
cryogenic  systems  utilize  liquified  gases  such  as  He,  and 


cycle  refrigeration  systems  which  use  high  pressure  helium  gas 
and  take  advantage  of  the  Joule-Thompson  effect  to  achieve 
temperatures  of  4-12  K.  Heon  matrices  require  the  use  of 
liquid  helium  or  a Heliplex  (a  product  of  APD  Cryogenics] 
refrigeration  system  to  attain  temperature  in  the  range  of  4 
K while  c.Kg  can  be  condensed  at  liquid  nitrogen  temperatures. 
The  devar  or  refrigeration  assembly  to  which  the  matrix 
substrate  is  attached  is  in  general  equipped  with  other 
temperature  control  and  measurement  devices.  These  include 
thermocouples  for  measuring  the  matrix  temperature,  and  a 
heating  system  useful  for  strongly  annealing  the  matrix  or  for 
warming  the  system  to  room  temperature  in  preparation  for 
breaking  the  vacuxim. 

Sample  introduction  is  a problem  which  has  as  many 
solutions  ss  there  are  different  experiments.  Depending  upon 


which  phase  of  natter  the  sanple  ooaurs,  a nunher  of  useful 
methods  for  introduction  are  available.  Gaseous  samples  can  in 
general  be  nixed  directly  with  the  matrix  gas  either  prior  to 
or  during  the  deposition  and  flowed  onto  the  substrate  as  a 
homogenous  mixture.  Likewise  liquids  can  be  heated  to  give 
sufficient  vapor  pressure  and  similarly  mixed.  Solids  are 
commonly  vaporized  from  a Knudsen  cell  system  which  can  be 
heated  in  a number  of  ways  to  achieve  a high  enough  vapor 
pressure.  The  cell  materials  commonly  include  refractory 
materials  such  as  tantalum,  tungsten,  molybdenum,  and  carbon. 
In  recent  years  a more  common  method  of  vaporizing  high 
melting  point  solids  has  been  laser  vaporization.  The  develop- 
ment of  higher  power  lasers  has  improved  their  usefulness  in 
this  regard  over  the  past  two  decades. 


CHAPTER  II 

EXPERIMENTAL  DETAILS 

This  chapter  provides  a detailed  description  of  the 
experimental  system  and  procedures  used  in  this  research.  The 
coverage  will  include  any  major  modifications  while  items 
specific  to  particular  experiments  will  be  covered  in  later 
chapters. 

Apparatus 

The  dewar  apparatus  was  a modified  version  of  that  used 
tay  several  authors  {21-25}.  Two  cryostat  configurations  were 
employed  both  with  similarly  oonstructed  vacuum  systems. 
Figxire  (1)  shows  a cutaway  view  of  the  vacuum  system  equipped 
with  the  APD  Cryogenics  Displex  closed  cycle  refrigeration 
system.  The  microwave  cavity  was  suspended  within  a welded 
stainless  steel  box  of  dimensions  2.5  X 6.75  X 10. 0 inches. 
The  cavity  itself  was  attached  to  the  X-band  waveguide  which 
was  sealed  to  the  vacuum  by  means  of  a mica  window.  The  box 
was  connected  to  a vacuum  pump  system  through  orifices  in  the 
bottom  or  bacX  of  the  box.  High  vacuum  conditions  were  main- 
tained within  this  chamber  with  the  use  of  a four  inch  dif- 
fusion pump  bac)ced  by  a mechanical  pump.  The  system  commonly 
reached  a bottom  pressure  in  the  range  of  lo”®  to  lo”^  torr. 


EPR  CAVITY. 


The  box  was  suspended  £ron  tracks  overhead  and  was  attached  to 
a diffusion  pump  on  wheels  allowing  for  moveisent  of  the  entire 
vacuum  system  in  and  out  of  the  area  between  the  pole  faces  of 
the  magnet. 

The  Diaplex  head  was  mounted  on  top  of  the  box  fitting 
over  and  inside  a cylindrical  tube  and  sealed  to  vacuum  with 
two  viton  c-ringa  on  the  cylinder.  The  weight  of  the  Diaplex 


rested  upon  a circular  thrust  bearing  which  sat  on  a plate 
supported  by  pneumatic  pistons.  This  arrangement  allowed  easy 
rotation  of  the  cryotip  and  facilitated  lowering  the  matrix 
substrata  into  the  microwave  cavity.  The  substrate  in  this 
case  consisted  of  a flat  rod  made  of  either  single  crystal 
sapphire  or  copper.  In  the  up  position  the  rod  was  located 
approximately  three-quarters  of  an  inch  above  the  top  of  the 
cavity.  Access  to  the  rod  at  this  point  was  possible  utilizing 
the  four  window  apertures  located  around,  above,  and  In  front 
of  the  rod.  one  of  these  apertures  was  normally  filled  with  a 
stainless  steel  disk  which  had  a lever  system  attached  which 
allowed  the  movement  of  a protective  shutter  over  the  cavity 
during  deposition.  This  disk  was  sealed  to  vacuum  with  the  use 
of  an  o-rlng.  Figure  (2)  showed  the  overhead  view  of  this 
system.  The  front  aperture  had  a plate  equipped  with  a 


gas  inlet  tube  attached  to  it.  The  inlet  tube  was  connected  to 
a gas  manifold  via  an  Edwards  needle  valve  which  allowed 
entry  of  the  matrix  gas  with  pressure  maintained  between 


and  10  ^ torr.  This  plate  was  either  attached  to  a 9ate  valve 
or  as  is  shown  in  figure  (2)  to  a laser  target  nanipulator. 
The  remaining  opening  on  level  with  the  rod  was  generally 
equipped  with  a window  of  some  kind.  This  was  utilized  for 
viewing  or  photolyzing  the  matrix  or  as  an  entry  point  for  the 
laser  fieam  into  the  box.  The  latter  use  is  illustrated  in 
figure  (2) . The  fourth  aperture  was  a one  and  one-half  inch 
hole  centered  three  inches  above  the  rod  and  on  the  front  side 
of  the  box.  This  opening  was  used  as  an  additional  window  port 
for  photolysis  of  the  matrix  during  a deposition  using  the 
laser.  An  additional  window  was  attached  below  the  cavity  in 
the  bottom  of  the  box  and  was  used  to  support  a Suprasil 
quartz  tube  which  extended  the  full  length  of  the  cavity  and 
served  to  protect  the  interior  of  the  cavity  from  contamina- 
tion. 

The  cryotip  iteelf  was  equipped  with  a threaded  hole  into 
which  a copper  pedestal  was  attached.  In  turn  the  rod  itself 
was  either  machined  as  part  of  this  pedestal  in  the  case  of  a 
copper  rod,  or  in  the  case  of  a single  crystal  sapphire  rod  it 
was  attached  with  the  use  of  Hoods  metal  solder.  To  provide 
for  good  heat  transfer  the  pedestal  was  attached  to  the 
cryotip  utilizing  an  indium  washer  and  heat  conductive  grease 
to  seal  the  connection.  Three  equally  spaced  holes  about  the 
pedestal  provided  installation  points  for  thermocouples.  A 


ChroDel  vs  Au-0.02  atom  % Pe  thermocouple  was  attached  to  the 
pedestal  using  heat  conducting  grease  to  give  good  thermal 
conductivity.  This  provided  a temperature  reading  which  was 
accurate  to  within  1.5  K at  liquid  nitrogen  temperature  (77 
K)  . A 20  watt  theritofoil  heater  was  also  attached  to  the 
cryotip  just  above  the  pedestal.  The  heater  was  wrapped  about 
the  cryotip  and  attached  via  wire  and  plastic  wrap  provided  by 
APD  Cryogenics.  The  entire  lower  section  of  the  Dieplex  down 
to  the  upper  portion  of  the  pedestal  was  enclosed  by  a 
standard  one  and  one-half  inch  diameter  copper  shroud. 

Figure  (3)  shows  a cutaway  view  at  the  second  cryogenic 
system  utilized.  This  system  consisted  of  a cryotip  cooled  by 
liquid  Helium  delivered  with  the  use  of  an  Air  Products  Heli- 
Tran  continuous  flow  transfer  tube.  This  system  was  capable  of 
attaining  a temperature  of  e 4 y.  An  additional  modification 
to  the  dewar  allowed  for  the  attachment  of  a mechanical  vacuum 

liquid  helium.  This  was  utilized  to  produce  temperatures  1-1.5 
K lower,  other  features  were  similar  to  the  prevlouely 
described  system. 

Deposition  Systems 

An  integral  part  of  the  matrix  isolation  system  is  the 
method  used  to  produce  the  reactive  species  to  be  isolated  and 
the  method  by  which  it  is  delivered  to  the  substrate.  Varia- 
tions of  two  distinct  systems  were  utilized  in  this  wort.  The 


first  of  these  was  a furnace  systen  which  was  nornally  con- 
nected to  the  front  of  the  devar  system  by  means  of  a dual 
gate  valve  system  as  is  shown  in  figure  (4)  . The  second  method 
utilized  an  NdYAO  laser  to  vaporize  samples  Introduced  into 
the  dewar  box  with  the  use  of  a rotating  movable  sample  holder 
already  shown  in  figure  [3] . 

The  furnace  system  provided  a number  of  possibilities  for 
diverse  deposition  arrangements  utilizing  a variety  of 
flanges.  Figure  (5)  is  a diagram  of  a typical  two-electrode 
flange  with  water-cooled  copper  electrodes.  Other  systems  were 
used  including  four-electrode  systems  in  which  Knudsen  cells 
were  either  criss-crossed  or  placed  close  together  and  side  by 
side.  Knudsen  cells  of  tantalum  and  tungsten  were  used  to 
vaporize  most  solids  while  carbon  cells  were  used  in  a few 
cases.  Knudsen  cells  were  typically  1 to  2.S  cm  in  length,  6.4 


cell  was  equipped  with  an  orifice  mm  in  diameter  which  was 
oriented  toward  the  rod  when  the  cell  was  attached  to  the 
electrodes.  The  cells  were  filled  with  the  sample  to  be 
vaporized,  sealed  with  end  plugs  made  of  the  cell  material  and 
attached  to  the  furnace  electrodes  with  tantalum  straps  fitted 


were  monitored 


through  them.  Cell  temperatures 
a Chromel  vs  Alumel  thermocouple 
ind  Northrup  optical  pyrometer. 


Flanges  were  all  provided  with  a shuttered  window  through 
which  the  pyrooeter  could  be  focused  on  Che  cell.  The  shutter, 
which  was  operated  magnetically,  protected  the  window  from 
contamination  while  it  was  not  in  use.  Figures  (6]  and  (7) 
show  a smaller  version  of  the  furnace  and  flange  deposition 
system  which  was  designed  for  the  vaporisation  of  hygroscopic 
solids.  It  was  made  small  enough  to  fit  within  a dry  box  and 
within  the  pole  faces  of  the  magnet.  This  furnace  was  also 
equipped  with  two  vacuum  valve  lines  to  allow  for  evacuation 
of  the  interior  without  exposing  the  dewar  assembly  to  air. 

For  laser  vaporization  a rotatable  sample  holder  was 
constructed  as  shown  in  figure  (l).  This  holder  attached  to 
the  front  of  the  dewar  assembly  in  place  of  the  gate  valve. 
The  holder  consisted  of  a threaded  rod  equipped  with  two  o- 
rings  and  adapted  on  either  end  with  holes  to  fit  sample  rods 
and  a drive  motor  to  rotate  the  sample.  The  holder  was  also 
fitted  with  a vacuum  quick  couple  to  allow  entry  of  a second 
gas  inlet  which  was  sometimes  used  as  a microwave  discharge 
tube.  The  threaded  rod  allowed  the  sample  to  be  moved  easily 
in  and  out  of  the  vacuum  system  thus  allowing  for  alignment 

As  mentioned  previously  the  dewar  side  of  the  vacuum 
system  was  equipped  with  a gas  inlet  tube  which  was  connected 
via  copper  tubing  to  a manifold  with  several  5 liter  glass  gas 
supply  bulbs.  The  manifold  utilized  a two  inch  diffusion  pump 


TO  VACUUM 


GATE 


^ELETRICAL 
/ FEEDTHROUSH 


-THERMOCOUPLE 


and  a mechanical  backing  pump  capable  of  producing  pressures 
as  low  as  10  bcrr  when  it  was  necessary  to  change  or 
recharge  gases  within  the  manifold.  In  addition  the  manifold 
had  a stopcock  and  glass  ball  joint  connection  to  the  external 
atmosphere  which  allowed  for  venting  the  system  and  for  the 
attachment  of  external  gas  bulbs.  Pressures  within  the 
manifold  were  monitored  with  the  use  of  an  Heise  manometer. 
Mixtures  of  gases  were  occasionally  used  and  these  were 
prepared  in  a movable  bulb  on  a separate  manifold  system  using 
normal  manometric  techniques.  This  bulb  was  equipped  with  a 
stopcock  and  ball  joint  which  mated  with  the  external  connec- 
tion on  the  dewar  gas  manifold.  Once  the  bulb  was  filled  and 
sealed  it  could  be  transferred  to  the  gas  manifold  which  could 
be  evacuated  and  filled  with  the  new  gas. 

A number  of  experiments  required  photolysis  either  during 
or  after  deposition.  This  was  accomplished  in  a variety  of 
ways.  Both  high  and  medium  pressure  mercury  vapor  lamps  as 
well  as  a xenon  lamp  and  microwave  discharges  of  argon,  and  a 
lot  hydrogen  in  helium  mixture  were  used.  The  mercury  vapor 
lamps  and  the  xenon  lamps  were  generally  focussed  on  one  of 
the  windows  of  the  box.  In  these  cases  a quarts  window  was 
utilised.  The  discharge  sources  were  focussed  through  s LiF 
window  positioned  either  on  the  top  front  orifice  or  in  a side 
window  position,  open  tube  discharges  were  also  used  with  the 
laser  vaporisation  system.  In  these  cases  the 


radiation 


entered  the  box  through  the  open  end  of  a quartz  inlet  tube 
extended  into  the  vacuum  system  through  the  quick  connect  on 
the  rotary  sample  handler.  The  discharge  lamp  used  in  these 
former  cases  is  shown  in  figure  (8] . During  use  an  Evenson 
microwave  cavity  was  attached  to  the  long  tube  and  the 
discharged  gas  was  flawed  in  the  tube  and  pumped  out  the  side 
arm.  The  open  end  was  sealed  against  the  window  with  Che  use 
of  a vacuum  quick  connect  on  a 2 inch  square  flange  with  an  o- 
ring  which  sealed  against  the  window  surface. 

Procedure 

Once  the  system  was  constructed  such  that  there  were  no 
vacuum  leaks  the  entire  system  was  evacuated  first  with  mech' 
anical  pumps  and  finally  using  a diffusion  pump.  In  general  a 
bottom  pressure  between  10  and  10  torr  was  reached  by 
pumping  overnight.  When  an  acceptable  vacuum  was  reached  the 
liquid  nitroqen  traps  were  filled  and  the  cryotip  was  cooled 
by  either  turning  on  the  refrigeration  system  or  by  opening 
the  flow  valves  on  the  Keli-Tran  system. 

when  the  bottom  temperature  was  obtained  the  rod  was 
rotated  so  that  one  of  the  flat  faces  was  toward  the  gas 

of  % 20  mmoles  per  hour.  For  the  first  ten  minutes  of 
deposition  the  rod  was  only  coated  with  the  matrix  gas.  Half- 
way through  this  period  the  rod  would  be  rotated  180*  to  allow 
for  even  coating.  This  allowed  for  easier  cleaning  of  the  rod 
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after  the  experinent  and  gave  a cleaner  matrix.  If  a furnace 
system  with  its  own  pumping  system  was  used  one  of  the  gate 
valves  connecting  the  two  halves  of  the  system  would  be  closed 
during  the  first  ten  minutes  and  the  call  would  be  preheated 


to  degas  the  material  within.  Once  these  steps  were  accom- 
plished Che  gate  valve  could  be  opened  and  the  deposition 
would  proceed.  A deposition  using  the  furnace  usually  lasted 
an  hour  or  more  during  which  the  rod  was  rotated  a number  of 
times  to  insure  even  coverage  on  both  sides.  Depositions  using 
t shorter  due  to  the  proximity  of  the 


vaporised  sample  to  the  r 
trapping  efficiency  of 
deposition  time. 

once  the  deposition 
an  additional  5 minutes  o 
If  a furnace  deposition 
assembly  could  be  closed  at  this  point 
dewar  could  be  separated.  In  the  case  oi 
the  sample  rod  was  withdrawn  manually  to  i 
matrix  into  the  ESR  cavity.  At  this  point 


It  was  perceived  that  the  higher 
S configuration  required  less 

completed  the  rod  was  coated  for 
ch  side  with  only  the  matrix  gas. 
performed  the  dual  gate  valve 
this  point  and  the  furnace  and 

lowering  of  the 
hutter  covering 


the  cavity  was  moved  and  the  matrix  was  lowered  by  bleeding 
the  pneumatic  pistons.  The  entire  system  was  then  rolled  back 
until  the  cavity  was  directly  between  the  pole  faces  of  the 
magnet.  The  waveguide  exiting  the  evacuated  chamber  could  then 
be  connected  to  the  Klystron  and  spectra  could  be  taken. 


SpeetreneterB 


Two  spectrometers  were  used  to  accomplish  this  work.  The 
first  was  a Varian  E-Line  Century  series  E5R  epectrooeter  with 
a number  of  modifications.  These  included  replacement  of  the 
standard  field  dial  and  associated  Hall  probe  with  a Bruher 
BHIS  Field  Controller  and  acoompanying  Hall  probe  and  the 
utiliaation  of  a Houston  Instruments  Omnigraphic  2000  chart 
recorder.  The  varian  instrument  was  also  interfaced  with  an 
IBM  XT  clone  equipped  with  an  IBM  DACA  data  acquisition  and 
control  board  which  allowed  signal  averaging  of  spectra.  The 
seccnd  instrument  was  a Bruker  ER  200D  SRC  equipped  with  an 
Aspect  2000  mini  computer  for  control  and  signal  averaging. 
The  magnets  for  both  instruments  were  calibrated  using  a 
Bruker  ER035H  NHR  gaussmeter. 


CHAFTBR  III 
E5R  THEORY 

Introduction 

This  chapter  will  deal  with  the  basics  ot  ESR  theory  as 
It  pertains  to  atoms  and  in  relation  to  the  ground  states  of 
molecules  included  within  this  work.  The  treatment  here  is 
minimal  for  full  understanding  of  the  material  whioh  follows. 
The  reader  desiring  more  complete  coverage  of  the  topic  is 
referred  to  the  references  (26-43) . 

Atoms  in  Magnetic  Fields 

Zn  general  the  interaction  between  a magnetic  dipole  and 
an  external  magnetic  field  is  given  by  the  Hamiltonian 

M = »!  ■ H , (1) 


here  p is  the  magnetic  dipole  and  R is  the  external  magnetic 
field.  Here,  as  later  in  this  document,  boldface  denotes  a 
vector  guantity.  More  specifically  than  equation  (1),  the 
dipole  produced  by  an  electron  moving  in  an  orbit  is  given 


[2) 


where  is  the  vector  representation  of  the  electron's 
orbital  angular  momentuin  and  y is  the  nagnetogyric  ratio 
defined  by,  y = (-e/Ssc).  Here  e,  m,  and  c are  the  charge  and 
mass  of  the  electron,  and  the  speed  of  light,  respectively. 
The  electron  also  possesses  an  intrinsic  spin  angular  monentura 
which  contributes  to  the  total  nagnetic  moment  by  a relation 
analogous  to  equation  (2) . 


bg  - 2T  • (3) 

Here  Sg  denotes  the  spin  portion  of  the  nagnetic  dipole  and  Pg 
is  the  vector  representation  of  the  spin  angular  momentum.  The 
respective  vector  components  of  the  nagnetic  dipole  moment  nay 
be  combined  to  give  a resultant  and  the  classical  energy  of 
the  electron  in  a nagnetic  field  can  then  be  described  by 

E = -u.j,Hcos9  , (4) 

where  e is  the  angle  between  and  H and  Uj  and  K are  their 
magnitudes.  Quantum  mechanically  the  angle  9 is  space  quan- 
tized and  may  only  take  on  2J**1  projections,  where  J is  the 
total  angular  momentum  quantum  number.  Further,  the  allowed 


projections 


The  angular  aonentun  of  such  a aysten  ia  given  by  m.li,  and 
where  h ie  Planck's  constant. 

The  case  of  nost  interest  to  ESB  spectroscopy  is  that  of 
the  conplete  or  near  complete  absence  of  orbital  angular 
momentum.  In  this  limit  aj  becomes  a^  where  Og  can  take  on  the 

Above  S is  the  total  electron  spin  quantum  number.  In  the 
simplest  case,  that  of  a atom  Bj  • Sg  = ± 1/2  and  the 
dipole  moment  in  the  field  direction  becomes 

0.J  = Jig  - -2(eh/4iTBC)Bg.  <5) 

In  ecpiation  (S)  P.  has  been  replaced  J^y  its  equivalent  mg^. 
Commonly,  the  quantity  in  parenthesis  in  equation  (5] , is 
defined  as  the  Bohr  magneton,  ■ 9.2740154(31)  X lo"*^  erg 
G A quantum  electrodynamics  correction  must  also  be  added 
to  the  anomalous  value  of  2 in  equation  (3)  to  give  the  free 
electron  g value  g = 2.0023.  As  a result  the  dipole  moment  is 


Figure  (9)  slectconlc  Zeenan  splitting  of  a 
a magnetic  field. 


free  electron 


The  separation  between  successive  energy  levels  for  which 
■ ± 1/2  must  therefore  be  equivalent  to  g^^e^  shown  in 

In  the  alternative  case,  in  which  orbitally  degenerate 
states  exist  and  there  is  strong  Russell'Saunders  coupling 
between  L and  s the  good  guantun  nunber  becomes  J such  that: 

and  the  projections  along  the  field  direction  of  J,  Che  total 
angular  momentum  quantum  number,  are  represented  by 


In  this  case  the  energy  is  given  by 


The  factor  gj  here  is  the  Lande  splitting  factor  and  is  given 
by  equation  (9) . 

g,  = 1 + SIS+11  ■>  J1J*1>  - LIL*11  (9) 

2J(J*1) 

The  Lands  factor  must  reduce  to  the  free  electron  value  of  2 
in  the  case  of  L-0.  In  the  simplest  case  of  the  free  spin, 
where  m^  ■ m^  * ± 1/2,  two  energy  levels  occur  at  E * ±l/2gAH. 
A single  transition  nay  be  induced  by  application  of  microwave 


radiation  of  the  proper  frequency  and  at  right  angles  to  the 
field.  The  transition  mist  therefore  occur  at  a frequency  v 
and  a field  H which  obey  the  equation 

V - g8gH/h  . (10) 

As  is  shown  in  figure  (9)  this  would  result  in  a single  ESB 
transition,  the  position  of  which  would  allow  the  calculation 
of  the  g value  for  the  atom  or  molecule  and  a crude  estimation 
of  the  environment  of  the  unpaired  spin. 

Hvperfine  Interaction 

The  conclusion  that  one  draws  from  the  possibility  of 
observing  only  a single  transition  is  that  very  limited 
information  is  attainable  from  the  use  of  ESR.  Fortunately, 
interactions  other  than  Zeeman  interactions  will  result  in 
splitting  of  fine  structure  lines  into  multiple  hyperflne 
lines  and  in  the  case  of  higher  spin  molecules,  additional 
fine  structure  lines  will  exist.  The  hyperfine  splitting  is 
due  to  the  interaction  of  the  nuclear  magnetic  moment  with  the 
electronic  magnetic  moment.  Nearly  all  of  the  elements  have  at 
least  one  isotope  with  a nuclear  spin  and  thus  a nuclear 
magnetic  moment.  The  values  which  the  nuclear  spin  may  ta)ce  on 
are  quantized  just  as  the  electron  spin.  The  possible  values 
are  represented  by  the  quantum  number  m^  I,  I-l,  ....  -I. 
Thus  the  transition  due  to  the  interaction  of  the  electron's 


Figure  (10)  Energy  diegraa  and  first  derivative  ESB  speotrua 
of  the  Hydrogen  atoo. 


na9netic  monent  and  the  external  field  is  modified  by  the  2141 
contributions  of  the  nuclear  magnetic  moment  to  produce  2141 
hyperfine  lines.  The  classic  example  of  such  a system  would  be 
a ^5  atom  with  I-  1/2.  An  energy  level  diagram  and  a first 
derivative  ESR  spectrum  for  such  a system  is  shown  in  figure 
<10] . The  relative  separation  of  these  lines  may  then  be 
analyzed  to  reveal  the  electron  distribution  of  the  atom  or 
molecule  under  study.  The  analysis  of  such  a system  may  be 
approached  qualitatively  by  considering  the  three  interactions 
just  described  and  how  they  relate.  These  interactions  are  of 
course,  the  interaction  of  the  external  field  with  the 
electrons  to  produce  the  primary  Zeeman  splitting,  the 
interaction  of  the  external  field  and  the  nucleus  to  produce 
the  nuclear  Zeeman  eplitting,  and  the  interaction  between  the 
electrons  and  the  nucleus.  These  three  can  be  combined  into  an 
effective  Hamiltonian 

« = gjfigH  • 5 4 hAt  • S - gjBj^  • 1,  (11) 

where  the  circumflex  denotes  an  operator.  Here,  analogously  to 
the  case  of  g^S^K,  where  the  nuclear  magneton  is 
defined  as  6^  - 5.0578««(17)  X lO'*^  ergc”^.  An  additional 
term  can  be  added  to  the  above  Hamiltonian  to  account  for 
guadrupolar  interactions  with  nuclei  of  spin  greater  than  1/2. 


In  most  cases  this  tern  is  insignificant  and  is  in  general 
neglected  in  analysis. 

The  interactions  represented  by  the  three  elements  in 
equation  (11)  can  most  easily  be  examined  with  regard  to  the 
effects  of  the  magnitude  of  the  external  field.  With  this  in 
mind  it  is  straight  forward  to  note  that  the  central  term 
known  appropriately  as  the  zero-field  term  is  field  indepen- 
dent. In  the  weak  field  limit  this  term  will  dominate  the 
others.  As  a result  I and  J are  coupled  and  are  no  longer  good 
quantum  numbers  in  this  limit.  Their  resultant  P = I + J 
becomes  the  good  quantum  number  and  is  quantized  into  2F  + 1 
values  along  the  field  direction  symbolized  by 


Allowed  transitions  are  those 
other  extreme  of  strong  field  1 
to  the  Paschen-Back  effect. 


r which  omp,  = ± 1.  In  the 
1 iT  are  decoupled  in  analogy 
this  extreme  each  of  the 


electronic  Zeeman  levels  is  typically  split  into  21  t 1 
hyperflne  levels.  Thus  the  same  number  of  energy  levels  are 
produced  in  either  extreme.  Figure  (11)  shows  how  the  energy 
levels  of  a typical  system  vary  with  increaelng  field.  The 
intermediate  case  is  not  as  straightforward.  In  this  case  the 
zero-field  term  and  the  electronic  Zeeman  term  are  of  the  same 
order  and  the  magnetic  quantum  number  m is  preserved.  This 
quantum  number  approaches  the  aforementioned  values  in  either 
extreme.  The  energy  of  such  a system  where  J = 1/2  has  been 
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Figure  (11) 
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given  by  Breit  and  Rabi  as  shown  in  equation  [12)  , (40,43,44) . 

W(F,s)  - -4W/[2(2I  + 1)J  -((ijHm/I)  (12) 

± 4W(1  » 4ini/(2I  -t-l)  + 

Here  4W  - h(»/2)  (21+1)  , and  x - ((9j6g  - (Ui/D ) /4«)H.  The 
variable  x will  be  field  dependent  in  that  it  will  be  large  in 
the  strong  field  extreoe  and  snail  in  the  weak  field.  The  ± 
in  equation  (12)  refers  to  the  cases  of  F ■ I ± J.  Equation 
(12)  nay  be  applied  to  the  case  of  the  Hydrogen  aton  to  derive 
the  energy  level  diagran  and  first  derivative  spectrun  shown 
in  figure  (10).  Likewise  a modification  of  equation  (12) 
allows  its  utilisation  to  calculate  the  magnetic  fields  at 
which  resonant  transitions  would  occur.  If  one  assumes  that 
terms  in  equation  (12)  which  contain  Mj/I  are  negligible  one 
can  derive  the  expression  in  equation  (13)  . This  approximation 
is  analogous  to  assuming  the  nuclear  Beeman  tern  in  equation 
(11)  is  snail  compared  to  the  other  terms  and  is  quite 
reasonabie  when  one  considers  that  is  physically  l/2000th 


= -A/4  ± 1/2[A^(1  + 1/2)^  + 2AngSgH  (13) 


allowed  transitions 


energy  ebeorbed  in  the  trensition  induced  by  the  nicrowave 
radiation  of  frequency  v is  given  in  equation  (14). 

hv  - l/2[h*(r  * 1/2)^  t 2Ag6gH<m  - 1)  (14) 

‘ + 1/2[A*(I  + 1/J)*  ♦ JAgBgHn 

If  equation  (14)  is  divided  by  h»  and  separated  into  terms  of 
A/hv  and  g6H/hv , 

then  a plot  of  these  two  factors  versus  one  another  gives  a 
map  of  the  positions,  in  terms  of  gfi  )1/hv,  at  whic)i  resonance 
will  occur  for  a given  hyperfine  constant  A and  frequency  v. 
Such  a plot  is  shown  in  Figure  (12)  for  a system  with  S - 1/2 

To  clarify  the  complex  picture  which  evolves  from  the 
descriptions  of  various  magnetic  dipole  and  field  interactions 
at  varying  field  strengths  it  is  necessary  to  consider  the 
selection  rules  for  ESR  spectroscopy.  Just  as  Infrared 
spectroscopic  selection  rules  depend  upon  electrical  dipole 
moments,  ESR  selection  rules  are  characterized  in  terms  of 
magnetic  dipole  moments  and  transitions.  In  the  pure  spin  case 
where  L»0  and  I»0,  a single  transition  occurs  for  mg  ■ 1/2  <-> 
-1/2-  This  corresponds  to  a change  in  angular  momentiun  of  ± h 
which  is  equivalent  in  magnitude  to  the  intrinsic  angular 
momentum  of  a single  photon.  Thus  the  conservation  of  angular 
momentum  dictates  that  only  one  spin  may  flip  at  a time.  This 


condition  implies  a 9eneral  selection  rule  of  An,  * ± 1,  and 
AbIj  = 0.  These  selection  rules  are  the  opposite  of  HHR 
spectroscopy,  although  in  certain  cases  in  which  the  zero- 
field  hyperfine  splitting  is  comparable  to  the  quantum  of 
radiation  used  an  KHS  transition  nay  be  observed  as  is 
Illustrated  in  figure  (12) . 

In  general,  the  interactions  between  the  electron  and 
nucleus  can  be  characterized  as  either  isotropic  or  anisot- 
ropic and  can,  in  these  ways,  be  related  to  intrinsic  atomic 
properties.  The  isotropic  interaction  is  the  energy  of  the 
nuclear  moment  within  a magnetic  field  produced  by  an  electron 
of  spin  S 1/2  at  the  nucleus.  This  property  is  therefore 
dependent  upon  the  unpaired  electron  density  at  the  nucleus, 
|T(0)|^,  and  is  an  accurate  neasure  of  that  quantity.  This 
analysis  may  be  extended  to  give  a percent  s character  of  the 
unpaired  electron  density  since  only  s electrons  contribute 
significantly  to  the  electron  density  at  the  nucleus.  The 
isotropic  hyperfine  coupling  constant  is  given  by  (40,44) 


. (8n/3h)gg6ggjS^|?(0) r 


(IS) 


The  coupling  constant,  a^,  also  Known  as  the  Femi  contact 
tern,  is  isotropic  due  to  its  lack  of  angular  dependence.  The 
tern  can  in  general  be  quite  large  due  to  its  direct 


dependence  upon  the  magnitude  of  the  magnetic  field  at  the 
nucleus  which  can  approach  10^  G.  The  determination  of 
for  a particular  nucleus  can  be  used  to  predict  or  determine 
the  accuracy  of  theoretical  calculations. 

The  anisotropic  interaction,  A^^p,  possesses  a classical 
analog.  It  is  the  interaction  between  the  magnetic  dipoles  of 
the  electron  and  the  nucleus.  The  energy  for  such  a system  can 
be  expressed  classically  as 


■ ("e  • f*H>/  - [Ktig 


r)/  r®]  , (16) 


moment  ft  . a 
Substitution 


radial  vector  formed  between  the  electronic 
the  nuclear  moment  with  the  norm  of  r. 

the  quantum  mechanical  operators,  -gBS  and 
id  respectively,  in  equation  <16)  gives  the 
cal  version  of  that  equation. 


-9e®e9H®s[*  • 

3(i  • r){E  • r)/r®] 


If  a purely  hydrogenic  atom  is  studied  the  dipole  component  of 
the  hyperfine  is  represented  as. 


L(L+l)/[hJ(J+l))(l/r®> 


for  atoms  with  non-zero  angular  monentum.  From  this  can  be 
derived  the  dipolar  term  for  s electrons. 

*dip“9giae^[(3=osVi)/r^]  (19) 

Here  0 is  the  angle  between  the  magnetic  field  and  the  vector 
r.  Due  to  the  spherical  symmetry  of  the  s orbital  the  angular 
term  in  equation  (19)  will  average  to  zero  tor  such  orbitals. 

Doublet  siana  Molecules 

The  simplest  molecule  for  which  an  E5R  spectrum  may  be 
observed  is  one  with  a doublet  sigma  (^£)  ground  state.  The 
complete  Hamiltonian  for  such  a system  in  a magnetic  field  may 
be  written  as  a sum  of  Hamiltonians  representing  separable 
interactions  of  the  unpaired  electron  and  its  environment. 

M - «P  * Kjg  + (20) 

Here  the  first  tern  on  the  right  H_  represents  the  Hamiltonian 
of  the  free  molecule  with  no  coupling  of  excited  states.  The 
terms  and  represent  the  electrcn  and  nuclear  Zeeman 
effects  produced  by  the  interaction  of  the  external  magnetic 
field  with  the  electronic  and  nuclear  dipoles  respectively. 

represents  the  spin-orbit  coupling  interaction. 
relates  the  hyperfine  interaction  due  to  the  magnetic  interac- 
tions with  all  the  nuclei  of  non-zero  spin. 


The  magnitude  of  the  last  two  terms  in  equation  (20) 
usually  allows  them  to  be  neglected  from  practical  consider- 
ations. Furthermore,  the  Wp  term  can  be  neglected  for  our 
purposes  since  it  does  not  involve  spin  operators  of  any  sort. 
This  leaves  us  an  effective  Hamiltonian  of 

« - «2e  * ’^LS  • 


These  terms  can  now  be  represented  by 


[22) 


«j_g  - £t  • I . (23) 

It  should  )»  noted  that  equation  (22)  contains  a term  R • t. 
This  is  due  to  the  anisotropy  produced  by  the  departure  of  the 
electronic  environment  from  sphericity  which  yields  an 
effective  orbital  angular  momentum  for  the  ground  state  which 
is  not  equal  to  zero.  C in  equation  (23)  is  the  effective  spin 
orbit  coupling  constant  for  the  molecule.  The  original 
Hamiltonian  can  now  be  reduced  to 


The  above  equation  can  be  further  simplified  to  the  form  of  an 
effective  spin  Hamiltonian  analogous  to  that  initially 
introduced  by  Abragam  and  Pryce  (45).  This  simplification  is 
essentially  the  elimination  of  all  operators  which  do  not 
involve  the  effective  spin,  and  includes  the  approximation 
that  the  spin  orbit  coupling  can  be  treated  as  a perturbation 
of  the  electronic  Zeeman  term,  such  an  effective  spin  Hamilto- 
nian is  represented  in  equation  (25). 

K = S^H  • <g>  • s (25) 

Here  the  (}  indicate  the  quantity  g is  a tensor  due  to  the 
molecular  anisotropy  mentioned  above  and  8 is  the  effective 
spin  operator. 

In  the  case  of  axially  symmetric  molecules  the  above  g 
tensor  is  a second  ranh  tensor  composed  of  the  values  gj^  and 
fj  in  diagonal  form.  The  directionality  refers  of  course  to 
the  angle  between  the  magnetic  field  direction  and  the 
direction  of  the  magnetic  dipole  of  the  molecule.  If  the 
molecule  is  of  lower  symmetry  three  g values  are  required  and 
are  generally  represented  as  g , g , and  g . Multiple  g values 

= hv/g|B^  for  axially  symmetric  molecules  and  at  fields 
corresponding  to  the  values  g , g , and  g. . 


This  idea  of  orientational  dependence  of  transition 
probabilities  at  various  fields  is  important  to  the  interpre- 
tation of  ESR  spectra.  Although  it  is  coounon  to  practice  E5R 
upon  radicals  oriented  within  single  crystals,  the  situation 
for  matrix  isolation  is  in  general  quite  different.  Typically 
the  species  under  study  is  isolated  in  random  orientation  and 
thus  all  angles  between  the  magnetic  dipole  of  the  molecule 
and  the  field  are  possible.  In  general,  the  perpendicular 
orientation  is  the  only  one  with  a sufficiently  large 
transition  probability  to  be  observable  while  the  parallel 
transition  is  occasionally  observable  at  lesser  intensity.  In 
higher  spin  cases  it  is  also  possible  to  observe  transitions 
for  intermediate  angles.  These  so-called  "extra"  lines  will  be 
discussed  in  more  detail  later  in  this  work. 

The  spin  Hamiltonian  presented  above  Incorporates  the 
spin-orbit  portion  of  the  overall  Hamiltonian  within  the 
divergence  of  the  g value  from  the  free  spin  value.  The 
anisotropy  observed  in  the  g value  Is  related  to  the  anisot- 
ropy in  the  coupling  of  the  ground  state  with  excited  states 
of  non-zero  orbital  angular  momentum.  As  a result  the  free 
electron  value  g can  in  general  be  separated  from  the  g 


= ge<l)  t 


{4g  )• 


Above  {1}  is  the  unitary  tensor.  This  of  itself  has  no  effect 
upon  the  spin  Haioiltonlan  but  the  spin  orbit  interactions  do 
have  a second  order  effect  as  can  be  represented  in  equations 
(27)  and  (26)  . 

(9)  = ggii)  + 2tiA)  (27) 

A - Ej|{0|£|nXn|t|o)/(Ejj  - E^)  (26) 

Above  0 and  n denote  the  ground  and  excited  states  respective- 
ly and  the  energies  are  assumed  to  be  the  zero-order  energies, 
other  complenentary  derivations  of  this  relationship  can  be 
found  in  the  works  of  Stone  (46) , Oalgaard  and  Lindenberg 
(47) , and  Tippins  (48) . 

The  results  of  perturbation  theory  as  presented  by 
Carrington  and  HcLachlan  (26),  Wertz  and  Bolton  (30,31),  and 
Weltner  (41,42)  are,  for  axially  symmetric  molecules 

E„[(0|Lj|n)(n]tg|0> )/{E^  - Eq) , (29) 
gj.  = gg  - - ®o>  ■ 

The  first  order  term  for  g||  as  shown  in  equation  (29)  reduces 
to  zero  In  the  present  case  of  a ground  state  with  L^O,  since 
the  term  (nlL^IO)  » 0.  In  this  case  the  perturbation  for  g|  is 


far  smaller  than  that  of  gj_,  being  due  only  to  a second  order 
term  as  derived  by  Tippins  and  others  <46,48,49). 

gj  = g^  - 2?  E„  |<n|I^10) |^/(E„  - Eg)^  (31) 

Thus  &g||  is  equal  to  the  second  term  on  the  right  of  equation 
(31)  while  Igj,  will  be  equal  to  the  analogous  tern  in  equation 
(30) . Both  of  these  terns  will  in  general  becocie  more  signifi- 
cant for  molecules  containing  heavy  atoms  due  to  their 
dependence  upon  the  spln-orblt  coupling  constant 

Symnetry  arguments  reveal  that  only  II  states  may  couple 
with  a sigma  ground  state,  since  the  direct  product  of  the 
Irreducible  representations  of  the  ground  state,  the  excited 
state,  and  the  angular  momentum  operator  must  contain  the 
totally  symmetric  representation  of  the  symmetry  group  (50). 
In  the  case  of  molecules  with  E ground  states  this  means  that 
only  n states  may  couple  with  the  ground  state.  While  the 
variation  of  g||  for  a £ molecule  will  always  make  it  less  than 
or  equal  to  g , the  sign  of  4gj_  will  vary  according  to  the 
sign  of  The  sign  of  the  spin  orbit  coupling  constant  ^ for 
the  molecule  will  )9e  determined  by  the  electronic  configura- 
tion of  the  excited  state.  If  the  excited  state  is  a state, 
that  is  if  it  represents  the  excitation  of  an  electron,  it 
would  yield  a regular  ordering  of  the  j levels  in  the  excited 
state  and  a negative  value  for  ig^,.  If,  on  the 


other  hand,  the 


excited  etate  is  a II^  state,  vhich  represents  the  excitation 
of  a "hole"  and  causes  the  Inverted  ordering  of  the  j ievels, 
is  positive. 

The  anisotropy  vhich  is  responsible  for  the  perturbations 
observed  in  the  g tensor  is  also  evident  in  the  hyperfine  or 
k tensor.  The  hyperfine  interaction  portion  of  the  Hamilto- 
nian ^nf'  composed  of  three  different  terms.  These  are 
given  in  equation  (33). 

= gig^Vs  + 3(i  • r)|p  •.  ,ll  (33) 

♦ fia  «(r)  8 • i j 

Here  r is  the  distance  from  the  electron  to  the  nucleus.  The 
first  of  these  terms  is  a combination  of  the  interaction 
between  the  orbital  angular  momentum  and  the  nuclear  moment 
and  the  nuclear  and  electronic  magnetic  moments.  Of  this  term 
the  portion  involving  orbital  angular  momentum  can  be  consid- 
ered zero  for  L*o  molecules  in  the  limit  of  first  order 
perturbation  theory.  The  last  term  in  equation  (32)  is  )cnoun 
as  the  Fermi  contact  tern  and  is  written  with  a Dirac  S 
function  indicating  its  dependence  upon  a non-zero  spin 
density  at  the  nucleus.  The  remaining  tern  is  only  representa- 
tive of  the  interaction  )oetween  the 


electronic 


nuclear 


= 3l  • 1 . b(l  - g,  . CI.8,  . 


b - gggjag6„8ff/3[|?(0)|* *-  < (3cosVl)/2r^>l, 


CO  interactions  with  each  nucleus  <i). 

*iao<^>  = (8t/3)gggjag6y|T(0) Ij*  - (b  + c/3).  (37) 
A^ip(i)  ■ g^gjOgS^C (3coB^e  - l)/r^>j  = (c/3)j  (38) 


E s 1 


Above,  the  factor  accounts  for  the  average  direction  of 
the  electron  spin  vector  with  the  tern,  <3cos^e  - 1).  The 
values  of  this  tern  for  the  various  orbitals,  along  with  the 
A^^^  and  values  for  magnetic  nuclei,  have  been  evaluated 
by  Horton  and  Preston  (S3).  In  the  case  of  an  axial  molecule 
in  which  the  L ■ i interaction  is  negligible,  the  diagonalized 
{A)  tensor  will  have  elements  of 


Aj.  - b , and  A|  = b * c . (39a, b) 

From  these  expressions  the  isotropic  and  dipolar  hyperfine 
parameters  nay  be  determined  for  each  nucleus  (i] . 

*iso<‘>  “ * 2Aj.(i))/3  (40) 

*dlp<i>  ■ (41) 

The  more  conpicated  case  where  the  1 ’ t interaction  is  not 
negligible  may  be  accounted  for  by  an  additional  term.  In  this 


Aj_  - b + 4gx»  , and  A|  ■ b + c - 4g||a  . (42a, b) 

All  of  the  above  parameters  can  be  applied  in  the  analysis  of 
the  electronic  structure  of  Che  molecule  in  question.  By 


making  assumptions  about  the  molecule  which  include  the 
invariance  cf  the  hyperfine  parameters  of  each  nuoieus  in 
going  from  atom  to  molecule,  an  LCAO-HO  picture  of  the  bonding 
in  the  species  studied  may  be  derived.  The  accuracy  of  this 
assumption  varies  with  the  molecule  studied.  By  far  the  most 
difficult  cases  are  those  in  which  a significant  amount  of 
ionic  bonding  occurs  or  those  in  which  ions  themselves  are 
under  study.  Examples  of  this  include  the  study  by  Weltner  and 
Van  Zee  of  the  dimer  cations  of  silver,  copper,  and  gold  (53) , 
along  with  the  study  of  ionic  molecules  such  as  scandium 
fluoride  (S4).  In  particular  the  values  of  can  be 
difficult  to  interpret  due  to  the  possibility  of  contributions 
from  electrons  in  the  various  p and  d orbitals  cancelling 
partially  to  create  a final  value.  The  derived  hyperfine 
parameters  are  most  useful  in  the  case  of  small  organics  for 
which  accurate  spin  densities  are  known  or  can  be  calculated. 

It  is  useful  at  this  point  to  discuss  the  particulars  of 
the  effects  of  an  external  magnetic  field  on  the  energy  levels 
of  a molecule  trapped  within  a rare  gas  matrix.  The  random 
orientation  normally  observed  for  such  species  makes  it 

ity  upon  the  angle  between  the  molecular  axis,  or  magnetic 
dipole  direction  and  the  field  direction.  This  problem  has 
bean  treated  extensively  over  the  past  several  decades (41, 42, 


55-68) . For  a linear  molecule  the  spin  Hamiltonian  including 
only  hypertina  and  electronic  Zeeman  terms  nay  be  written  as 


M 


“.'Vx'Vyl  ■ 


<43) 


The  2 axis  above  Is  fixed  as  the  molecular  axis  in  a 
cartesian  coordinate  system  and  the  other  quantities  are 
represented  in  relation  to  this  coordinate  system.  To  simplify 
the  discussion  with  regard  to  molecular  orientation  it  is 
useful  to  consider  the  molecule  with  an  external  coordinate 
system.  Thus,  the  field  direction  can  be  taken  as  the  polar 
axis  and  the  y axis  can  be  chosen  perpendicular  to  the  field 
direction.  0 is  defined  as  the  angle  between  the  z axis  and 
the  field  direction  and  the  x and  2 coordinates  are  then 
rotated  using  the  sine  and  cosine  of  this  angle.  Therefore, 
the  magnitudes  of  the  field  represented  in  equation  (43) 
become,  H = Heine,  H • Hcose,  and  H = 0,  while  the  Zeeman 
component  of  the  Hamiltonian  in  equation  (43)  becomes 

- 6g[g|Cos0$2  t gj.BineSj^]B  . (44) 

The  above  expression  nay  be  simplified  by  the  choice  of  new 
direction  cosines  q^^  and  g^,  where 


gj_cose/g 


e Zeeman  portion  of  the  Hamiltonian  can  be  sinpli~ 


«2e  ■ 9®e^'^z*z  * 
for  which  ve  may  now  define 

Sz-  - , (48) 


(49) 


The  above  rotation  of  coordinates  produces  three  terms  in  the 
hyperfine  portion  of  the  Hamiltonian  which  correspond  to 
*x®r  ' ®y  *y'  which  the  former  term  must  be  elimi- 
nated. This  is  accomplished  in  a similar  manner  to  the 
elimination  of  S from  equation  (47)  above.  Here  direction 


53 


• (ft||g|C«se)  / (Kg) 
q^"  = (Aj.gj.slne)  / (xg) 


kV  = A|^gj^cos^e  + Aj.*gj.*sin^9  . (52) 

This  transforms  equation  (43)  into 

« = q®eSj-  + + A||Aj.i^'Sj('  (S3) 

+ ((*x^  - Aj^)/K)  (g||gj./g^)sinocosel^'S^' 

• ■ 

By  dropping  the  primes  and  substituting  raising  and  lowering 
operators  such  that 


the  Hamiltonian  including  electronic  Zeeman  and  hyperfine 
K = ga^HS^  » 

* ((Aj.^  - A||®)/K)(gjgj./g*)slnecos6((§ 

+ [(AjAi/4K)  - (Aj./4)J(S’1‘  + §’l') 

•f  [(A|Aj./4K)  - <Aj./4)J(§*l'  + S'l*) 

If  the  above  Hamiltonian  operates  upon  all  the  possible  spin 
kets,  |n_,  m.)  it  is  obvious  by  examination  that  only  certain 
elements  of  the  general  matrix  of  the  spin  states  will  be  non- 
eero.  The  diagonal  elements  will  be  characterized  by  the  first 
two  terms  of  the  Hamiltonian  only  while  the  off  diagonal  terms 
will  involve  the  combinations  of  the  ladder  and  spin  opera- 
tors. In  general  significant  transition  probabilities  will 
only  occur  for  e = 0"  and  90*,  and  thus  the  second  term  in  the 
Hamiltonian  above  will  be  negligible,  when  the  further, 
generally  correct,  assumption  that  the  hyperfine  parameters, 
A_i_  and  All,  are  considered  small  in  relation  to  hm  is  made,  the 
second  order  perturbation  solution  to  the  Hamiltonian  is 
generally  correct.  This  solution  has  been  advanced  by  several 
authors  including,  Bleaney  (S6),  Low  (35),  and  by  Rollman  and 
Chan  (69) . The  derived  energy  levels  for  such  a system  includ- 
ing nuclear  Zeeman  and  quadrupolar  terms  are  given  as 


(55) 

* + g')/Z)Ij 


gSgHmg  + KOjitg  + (Ax^Aj ) / (2KgH6g)  • (56) 

(Dg*  - S(S  t 1) Imj 

♦ ((A|*  + K^)/(4K^gH6g))(gj.g||/g*)  • 
Bln*ecos^9i>gi0j  + Q'[n>j^  -(1/3)I(I  + 1)] 

- ( (Q-*cos*eain^e)  / (zKOg) ) ( (Aj.g4.A|g|  > / (K*g^) ) * 

♦ mj[4I(l  + 1)  - 8mj^  - 1] 

♦ [(Q-^sin‘e)/(6Kiiig))((Aj.gj.)/(Kg))^  • 

Bij[2I(I  + 1)  - 2Bj®  - 1] 

- («j/I)ajjHtiij  . 


6 hyperfine  paranetars 


Again  here,  if  the  asBumption  t 
are  small  in  comparison  to  hv  is  valid  then  the  first  two 
terms  will  dominate.  Also,  one  should  note  that  even  in  that 
limit  there  is  an  angular  dependence  due  to  the  presence  of 
the  factor  K,  which  is  a function  of  e.(eguation  (52))  The 
angular  dependence  of  the  energy  level  separation  and  there' 
fore  the  field  position  at  which  ESR  transitions  occur  has 
t>een  studied  by  several  authors  (63,65,70).  The  intensity  as 
a function  of  6 and  H has  been  approximated  by  Keiman  and 
Kivelson,  (63)  and  by  Gersmann  and  Sualen  (65).  The  intensity 
function  within  these  limits  can  be  defined  as 


I(H,( 


d(cose]/dH  I 


(57) 


This  function  approaches  infinity  as  cose  approaches  zero  or 
one.  That  is  to  say,  as  e approaches  either  90°  or  0*. 
However,  certain  ooinhinatlons  of  values  for  the  hyperfine 
parameters  will  produce  an  absorption  intensity  approaching 
infinity  at  intermediate  values  of  e.  Gersmann  and  Swalen  have 
derived  the  following  approximate  eguation  for  these  'extra* 
transitions  (6S). 

cose  - - 1)/J)  (58) 

♦ (A  - 1)/(2A  - 1)]^^'* 

The  coefficients  used  above  are  defined  as 

B = ((g|^A||*  + gj.^*j.*)  (gj^  + gj.^1)  (ss) 

l/((hv)*(g|*  - gj.’)*). 


A = g|*A||*/(g||^A||*  + gj.^Aj.^)  . (60) 

Another  method  for  determining  the  field  positions  for  'extra' 
lines  which  is  perhaps  more  straightforward,  is  to  solve  the 
spin  Hamiltonian  at  various  values  of  © and  graph  the  field 
position  for  the  transition(s)  vs  the  angle.  Such  a graph  will 


yieia  an  infinite  slope  at  field  positions  corresponding  to 
transitions. 

Triolet  Sioiia  Molecules 

When  a molecule  contains  more  than  one  electron  the 
Hamiltonian  derived  for  doublet  sigma  molecules  must  be 
expanded  by  a term  to  account  for  the  Interactions  of  two 
unpaired  electrons.  This  term  is  given  by 

j • (6)  • B (61) 

representative  of  the  anisotropic  portion  of  the  spin-orbit 
interaction  and  spin-spin  interaction  of  the  electrons.  As  the 
name  implies  the  energy  level  splitting  represented  by  the 
tensor  will  be  present  even  at  aero  external  field. 

The  (D)  tensor  is  in  general  separable  into  two  terms 
corresponding  to  the  two  sources  of  the  effect.  These  are  the 
spin-orbit  tsm  (Ogp),  and  the  spin-spin  term  (Dgg>.  The  first 
of  these,  (bg^),  leads  Indirectly  to  spin-spin  coupling  in  the 
molecule  and  is  directly  related  to  the  square  of  magnitude  of 
the  spin-orbit  coupling  constant  i.  This  relationship  is 
defined  by 


(Dgg)  = 


(62) 


where  <A}  contains  natrix  elements  connecting  the  ground  and 
excited  states  via  the  orbital  angular  nosentum  operator.  The 
tensor  {A)  is  similar  to  that  represented  in  equation  (28). 
The  difference  between  the  two  lies  in  the  states  which  may 
couple  to  the  ground  state.  The  matrix  elements  represented  in 
equation  (28)  represent  the  coupling  of  the  ground  state  with 
excited  states  of  the  sane  multiplicity,  while  states  of 
different  multiplicity  may  couple  with  the  ground  state  in 
such  a way  as  to  contribute  to  (Dg^).  An  example  of  this 
distinction  is  the  case  of  triplet  oxygen  which  possesses  a 
zero  field  splitting  of  nearly  4 cm  .In  this  case  the  zero 
field  splitting  is  largely  due  to  spin-orbit  coupling  produced 
by  the  interaction  of  the  ground  state  with  both  ^ and 
excited  states  (41,42). 

The  second  portion  of  the  zero-field  splitting  is  that 
due  to  spin-spin  interaction  and  is  denoted  (Dgg>.  HcConnell 
has  shown  that  the  spin-spin  term  is  due  to  the  magnetic 
dipole-dipole  interaction  of  the  unpaired  electrons  only  (72) . 
With  this  in  mind  the  spin  Hamiltonian  for  this  factor  takes 


Hamiltonian  may  be  expanded. 


been  demonstrated  by 


a number  of  authors  (28,30,31,41,42),  and  components  of  the 
spin  tensors  may  be  extracted  to  allow  the  above  Hamiltonian 
to  be  written  in  tensor  form. 

“d  SS  “ 

Here  the  (Kgg)  tensor,  with  the  factor  1/2 (g*8^*)  divided  out 
is  represented  by  equation  (65), 


(66) 

I ( (r^-3x^)/r®)  (-3xy/r®)  <-3x*/r®)  I 

(Dgg)'  - (-3xy/r®)  < (r^-3y^)/r®)  <-3y*/r®>  I 

1 (-3xz/r®)  <-3ys/r®>  ( (r*-3z*) /r®)  | , 

where  r^  = + y^  + z^.  Here  we  see  that  <Dgg)  is  both 

symmetric  and  traceless,  and  as  already  has  been  implied  by 
equation  (64)  the  overall  zero-field  splitting  {D>  is  the  sum 
of  (Dgg)  and  (Dgg)  terms  since  the  former  differs  from  the 
latter  by  only  a constant  term. 

The  overall  {b>  tensor  say  be  diagonalized,  and  the  fine 
structure  term  for  the  spin  Hamiltonian  may  be  written. 


yy  y 


(66) 


- 1/2(D^ 


+ Dyy)  and  S = 1/2(D^  - D^> . 

than  the  zero  field  splitting  can  be  written  as 

8 - {D)  - I = D(§^^  - 1/3(S(S  + 1)))  (67) 

t E(§^*  - Sy^) 

* 1/3(0^  * °yy  * '>a*)S(S  + 1)  . 

The  third  term  is  zero  since  {D}  is  a traceless  tensor  and  the 
second  term  becomes  zero  in  the  case  of  axial  or  higher 
symmetry.  Wassennan  and  oo-wor)ters  have  solved  the  spin 
Hamiltonian  for  linear  randomly  oriented  triplet  molecules 


^ ° 9|®e"z®z  * 5j-®e‘”x^x  * 

Here  z is  chosen  as  the  molecular  axis  and  y is  chosen  to  be 
perpendicular  to  the  external  field  direction  which  further 
simplifies  the  second  term  in  equation  (68),  by  making  Hy  * 0. 

To  calculate  the  energy  levels  for  this  system  one  can 
use  a set  of  orthonormal  spin  functions, 

|+1>  = |0j  Oj)  (69a. b.c) 

|0>  - l/VllOjBj  + 

1-1)  = |6jB2) , 

which  when  operated  on  by  the  spin  Hamiltonian  produces  a 3 X 


energy  levels  for 


3 matrix,  the  eigenvalues  of  vhich  are  the 
the  system.  These  may  be  separated  into  six  values,  three  for 
the  parallel  case  (i.e.  H ||  Z] , 


= D/3  .f  g|6gH 
Hp  - -2D/3  , 


W_^  = D/3  - g||6gH, 


and  three  for  the  perpendicular  case  (H  r 2) , 


= 1/3  D , (71a,b,o) 

»2  = l/2[-D/3  * (D^  + 4gj.*6g^H^)^/*]  , 

Wj  = l/2[-D/3  - (D^  * 4gj.^6g^H^)^/*]  . 

From  these  relationships  the  resonant  fields  at  which  transi- 
tions are  expected  for  a linear  molecule  are 


“si  ■ <72a-d) 

“z2  [hv  + D)  , 

“xyl  -U/gj.6eHhv(hv  - D))^/^  , 

“xy2  =<l/9j_6e^ • 


Another  transition  may  occur  for  cases  in  which  D is  small 
relative  to  hv,  and  the  molecular  axis  is  not  aligned  with  the 
field.  The  selection  rule  tor  such  a transition  is  dsig  » 12. 


The  fielcJ  position  for  these  transitions  as  a function  of  D 
has  been  calculated  (71),  and  is  shown  in  figure  (11).  There 
the  'perpendicular'  transitions  are  denoted  as  XX,  and  the 
'parallel'  transitions  as  Z.  It  is  important  for  the  reader  to 
note  that  for  cases  of  D > 0.30  cn“^  only  one  perpendicular 
transition  is  observable.  This  is  an  innate  limitation  of  the 
quantum  he  employed  in  a given  experiment. 

The  treatment  of  hyperfine  interaction  in  the  case  of 
triplet  molecules  can  usually  be  accomplished  by  the  use  of 
first  order  perturbation  theory.  In  that  limit  the  portion  of 
the  Hamiltonian  dealing  with  the  hyperfine  interaction  is 
essentially 

« = Kljgj  ((A||Aj.)/K)l,jSjj  t Aj.lySy  (’3) 

♦ ((Aj.^  - A|*)/K)  (gxg|/g’)aineeoseI^§j  . 

Quartet  Sioma  Molecules 

The  presence  of  more  than  two  unpaired  electrons  in  a 
molecule  is  in  general  common  only  to  those  molecules  contain- 
ing transition  or  post-transition  metal  atoms  containing  open 
d or  f orbitals.  The  presence  of  such  atoms  within  a molecule 
leads  to  the  domination  of  the  spin-orbit  portion  of  the  aero- 
field  splitting  parameter  D and  in  the  cases  of  heavier 
transition  metal  atoms  this  results  in  zero-field  splittings 


commonly  greater  than  1 cm”^  <73-75).  In  such  cases  the  spin- 
spin  portion  of  D can  generally  be  neglected.  Despite  the 
introduction  of  an  additional  electron  and  therefore,  an 
additional  pair  of  fine  structure  transitions,  the  spin 
Hamiltonian  developed  for  the  triplet  case  in  equation  (68)  is 
still  valid  for  the  quartet. 

* E{S^2  - 

Here,  again,  E becomes  zero  in  the  case  of  axial  symmetry.  The 
spin  basis  functions  for  the  quartet  system  are 


|t3/2>  - leiOjdj)  . (7S,a-d) 

1+1/2)  = (1/V3) 10^0263  + 018303  + SiOjOj), 

1-1/2)  = (1/V3)  |ai6j6,  + 810383  + 8183.13), 

1-3/2)  = 1818383)  . 


In  this  case  a 4 X 4 eigenvalue  matrix  may  be  constructed  in 
analogy  to  the  matrix  for  the  triplet  case  and  likewise  it  may 
be  solved  for  the  energies  of  the  respective  Sg  levels.  Such 
a matrix  is  shown  in  equation  (76) . 


Figure  {14)  A plot  of  D vs.  resonant  magnetic  fields  tor  a 
quartet  sigma  molecule,  v ~ 9.3  Ghz 


V(3/2)C 


(76) 


0 -D-l/2G^  ''(3/2)0^ 

0 0 V(3/2)G^  D-3/2G^ 


In  equation  (76)  “ ®-‘-®e**x  ’ “ ®||®e**z‘  ®°^7ing 


the  above  natrix  for  the  case  of  H parallel  to  the  molecular 
axis  gives  the  eigenvalues 


D ±3/2g|BgH  , 
-D  ±l/2g||6gH  , 


and  for  the  perpendicular  case 

(78a, b) 

"♦3/2  ° *l/39j.6e«  * £ <■=  tl/2gj.S^H)*  + 3/4  (g^B^K) . 
"±l/2  " il/2gj.6gH  - [(D  ♦l/2gj_6gH)^  + 3/4  (gj.BgH)  • 

Figure  (14)  shows  the  variation  in  resonant  field  position  as 
a function  of  D for  a molecule.  One  significant  difference 
can  be  observed  between  this  graph  and  the  analogous  one  for 
the  case.  This  is  simply  that  in  the  present  case  the  XYl 
transition  is  effectively  field-independent  of  the  aero-field 
splitting  parameter  at  large  values  of  D,  and  thus,  this 
transition  corresponding  to  the  lowest  Kramers  doublet  Sg  = 
♦1/2  “ -1/2  will  always  be  observable  for  a molecule. 


conversely,  it  is  possible  for  D to  be  large  enough  in  the 
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by  the  addition  of  a term  in  the  Hamiltonian.  Such  a tern  for 


a linear  molecule  ii 

■ ...i. 

Mhj  = + 

* Vy’  • 

In  the  case  in  which  D and  \ are  both  small  in  comparison  to 
hv  the  second  order  perturbation  theory  solution  can  be 
adequately  used.  Low  (35)  has  given  the  second  order  perturba- 
tion theory  solution  for  the  hyperfine  structure  for  both  the 
parallel  and  the  perpendicular  cases.  These  are  for  H ||  Z 

H = Hg  - 20(05  “ ' *||“l  ■ 


+ 1)  - Oj®  - nj(2mg  - m, 


• [1(1 


and  for 


H - Hg  + D(Dg  -1/2)  - Aj.nj  (81) 

- (Aj.*  * A|*)/(4Hp)(l(I  * 1)  - lOj^] 

- (Aj.A|)/(2Hp)(nlj(2mg  - 1)1  . 

Quintet  Sltma  Molecules 

In  the  case  ol  systems  of  6 2 2 theory  has  indicated  that 
higher  order  zero-field  parameters  are  sonetimes  necessary  in 
the  spin  Hamiltonian  (76,77).  These  additional  terms  Involve 
higher  powers  of  5^,  S^,  and  S^,  and  the  spin  Hamiltonian  may 

« = 9|Vz®z  9i®e<“x®x  Vy’  ^.n^nX"-*®*’ 

Above  m s n and  the  first  two  coefficients  are  identical  to 
those  encountered  in  previous  cases.  That  is  * D/3,  and 
By  ■ E,  while  the  coincident  terms  are 

Oj®  = - 8(S  + 1)  , (83a, b) 

©2*  = 1/2(8*^  + s'®) 

The  number  of  spin  operators,  Q-",  to  be  included  in  the  spin 
Hamiltonian  is  dependent  upon  the  symmetry  of  the  molecule  and 


the  value  of  S.  In  general  terms  higher  than  are 

necessary  for  the  treatment  of  matrix  isolated  species.  As 
previous  cases  the  spin  Hamiltonian  operates  upon  a set 
spin  basis  functions 


- lej^OjOjO^)  , (84a-e) 

- l/alBjOjOjO^  * + “i“2®3“4  * “l“2®3®4 

+ OlBjaje,  + , 

- 10,6,838,), 


to  produce  a matrix,  which  may  be  diagonalized  to  yield 
eigenvalues  corresponding  to  the  energies  of  the  five 
levels,  such  a matrix,  including  only  terms  Involving  D ar 
is  shown  as  equation  (BS). 


In  equation  (85)  ■ G = 9x®a**x  ' °8  " ^||®e’*a  ®® 

quartet  case. 

If  we  consider  the  case  in  which  the  molecule  is  linear 
the  energy  levels  at  zero  field  become  simply  ±2D,  and  -D. 
Figure  (15)  is  a plot  of  the  resonant  fields  at  which  transi- 
tions will  occur  for  such  a molecule.  It  is  significant  to 
note  that  even  at  moderately  high  values  of  the  zero-field 
splitting  parameter  a single  ESE  transition  can  be  observed 
corresponding  to  the  XY2  transition.  At  very  small  values  of 
D the  transitions  for  a quintet  molecule  will  be  evenly 
separated  and  centered  about  the  point  corresponding  to  the 
molecular  g value,  in  these  cases  the  g value  is  considered 
isotropic  and  such  systems  can  in  general  be  treated  well  with 
simple  perturbation  theory  (78).  As  the  magnitude  of  D 
increases  the  spectrum  becomes  less  simple,  deviating  from 
this  symmetric  pattern  and  due  to  the  increased  number  of  spin 
energy  levels  involved,  the  possibility  of  'extra'  transitions 
increases.  Figure  (16)  shows  the  variation  of  the  field 
position  of  allowed  transitions  as  a function  of  the  angle  G 
along  with  the  calculated  absorption  and  first  derivative  ESE 
spectrum  of  a molecule  with  D ■ +0.09  cm  . Recalling  the 
discussion  of  transition  probabilities  and  'extra'  transitions 
involving  equations  (56-59) , it  may  readily  be  seen  that  a 
finite  transition  probability  will  exist  for  the  line  which 
shows  an  inflection  point  at  9 = 60°  in  the  top  portion  of 


> resonant  nagnetic  fields  for  a 


Figure  (15)  A plot  of 
quintet  sigoa  nolecule. 


later  discussions 


chapter  and  later  chapters  the  possibility  of  observing  these 
'extra'  lines  in  the  spectra  of  high  spin  molecules  becomes 
quite  large. 

The  theory  of  molecules  with  S = 5/2  has  been  studied 
extensively  due  to  the  abundance  of  inorganic  species  with 
transition  metal  ions  such  as  cr*,  Mn*^,  and  Fe*^  (30,31,33, 
34) , all  with  this  ground  state.  The  spin  Hamiltonian  for  the 
quintet  sigma  case,  given  in  equation  (82),  is  also  valid  in 
this  ease,  and  again  terms  higher  than  are  not,  in 

general,  necessary.  In  analogy  to  previous  oases  the  spin 
Hamiltonian  for  the  linear  sextet  sigma  molecule  is 

K - ^J-^e'^x^x  + Vv’ 

* D(Sj^  - 35/12)  + A||l2§s  + *J.<^x®x  * *y®y>  ’ 

The  above  Hamiltonian  includes  hyperfine  interaction,  but 
excludes  terms,  nuclear  Zeeman,  and  quadrupole  terms.  The 
application  of  this  Hamiltonian  to  the  |mg,  m,)  kets  produces 
an  eigenvalue  matrix  similar  to  those  previously  given  in 
equations  (76  and  85).  Such  a matrix  can  be  diagonalized  and 
the  resultant  elements  give  the  relative  energies  of  the 
respective  levels  m^,  m^.. 

As  in  the  case  of  the  quartet  molecule  it  is  useful  to 


consider  the  variation  of  the  field  positions  of  the  fine 
structure  transitions  as  a function  of  increasing  D.  In  the 
sextet  case  the  separation  of  the  lOg  levels  at  zero  field  is 


I tS/2  > = +10/3D,  (87a, b,c) 

I *3/2  > • -2/3D, 

I ±1/2  ) - -8/3D  . 


The  variation  of  the  field  position  of  these  transitions  can 
he  seen  in  figure  (17)  for  the  sextet  signa  molecule,  he  in 
the  guartet  sigma  case  and  in  the  cases  of  other  ground  states 
with  half-integral  spins  the  lowest  Kramer's  doublet  dominates 
the  spectrum  at  high  values  of  D.  It  can  be  seen  in  figure 
(17)  that  when  D » g6  H the  XYl  transition  becomes  fixed  at 
a 1200G,  essentially  invariant  with  increasing  D.  In  this  case 
the  XY3  transition  is  also  visible  with  conventional  X-Band 
ESR  if  D < 2cm"^.  In  such  cases  an  'effective'  g value  is 
useful  in  characterizing  observed  transitions.  As  before,  in 
the  quartet  case,  g|®  | gj  and  gj^®  is  given  by 


gj.®  I 3gj.[i  - l/2(gj.6gH/0)‘ 


molecule 


In  the  limit  of  very  email  zero-field  splittings  a 
symmetric  fine  structure  pattern  is  observed  centered  about 
the  xyi  transition.  As  D increases  this  symmetry  is  lost  and 
at  moderate  values  of  D the  XV4  and  XY2  transitions  nay  not  be 
seen  at  all.  Figure  (IB)  consists  of  the  calculated  variation 
of  field  position  of  the  transitions  of  a sextet  sigma 
molecule  with  D • 0.10  cm~^  as  a function  of  e,  and  the 
derived  absorption  and  first  derivative  ESR  spectrum.  This 
figure  shows  the  predominance  that  'extra'  lines  may  take  in 
such  high  spin  molecules  in  the  calculated  intensity  of  the 
overlapping  'extra'  lines  at  4200G. 

Septet  Sigma  Molecules 

The  spin  Hamiltonian  for  the  quintet  sigma  moiecule  given 
in  equation  <82) , applies  also  in  this  case  with  the  necessary 
addition  of  0^°*  terms.  Although  theory  supports  their  inclu- 
sion this  author  knows  of  no  cases  of  matrix  isolated  species 
in  which  the  interpretation  of  the  experimental  data  required 
their  use.  Here,  also  the  fine  structure  transitions  can  be 
considered  in  the  absence  of  hyperfine  interactions  and  the 
energies  of  successive  spin  levels  at  zero  field  derived  as 

I ±3  > - 5D  , <89a-d) 


AS  bsfore  the  variation  of  the  field  position  for  allowed 
transitions  nay  be  calculated  as  a function  of  D.  Figure  (19) 
is  a plot  of  the  results  of  such  a calculation.  In  analogy  to 
the  quintet  slgna  case  the  XY2  transition  will  dominate  in 
cases  of  D » gA.H  and  at  values  of  D less  than  several 
wavenunbers  this  will  be  the  only  transition  observable  by  X- 
Band  ESH.  At  values  of  D < 1.5  cn”^  the  xy<  transition  will 
also  be  apparent.  At  very  snail  values  of  D a synmetric 
pattern  of  fine  structure  lines  is  expected,  the  intensity  of 
which  will  vary  from  strong  to  weaX  as  they  radiate  from  the 
center  of  the  pattern.  Figure  (20)  shows,  as  previous  figures, 
that  at  moderate  D values  the  plotted  angular  dependence  of 

does  the  calculated  spectra  for  such  a case. 

Nonet  Siena  Wolecules 

The  S-4  case  is  identical  to  S-2,  and  S=‘i,  with  the 
exception  of  including  terms  up  to  in  the  spin  Hamilto- 
nian. Again  the  spin  Hamiltonian  nay  operate  upon  the  spin 
kets  I ng  ) and  the  resulting  eigenvalue  matrix  solved  for  the 
field  positions  of  transitions  as  a function  of  D.  Figure  (21) 
shows  a plot  of  the  variation  of  resonant  fields  as  a function 
of  D.  One  may  again  see  from  this  figure  that  at  values  of  D 
>>  gB_H  the  XY2  transition  nay  be  the  only  one  visible.  At 
very  small  values  of  D a symmetric  pattern  of  fine  structure 
lines  is  expected  the  intensity  of  which  will  vary  as 


Figure  (19)  k plot  of  D vs.  resonant 
septet  sigma  molecule,  v a 9.3  ^Hz 


magnetic  fields 


described  for  the  'S  case.  At  this  point  few  experimental 
examples  of  this  multiplicity  have  been  studied  (79-81). 

Undeeet  Slema  Molecule 

As  in  previous  cases  of  integral  spin  ground  states,  the 
spin  Hamiltonian  in  equation  (82)  applies  with  the  inclusion 
of  terns  up  to  As  before  the  variation  of  the  resonant 

fields  with  respect  to  increasing  h may  be  calculated  and  a 
plot  of  this  variation  is  given  in  figure  (22).  Figure  (22) 
shows  that  at  D » gB  H only  the  Xf2  and  XY4  transitions  will 
be  observed.  Again,  very  few  examples  of  experimental  wor): 
dealing  with  species  of  this  multiplicity  exist  (80-82). 

Exchange  coupled  Systems 

In  many  cases  the  spins  on  neighboring  netal  atoms  or 
ions  nay  exchange  by  either  direct  orbital  overlap  or  through 
intervening  atoms  (83,84).  The  latter  effect  is  known  as 
superexchange.  The  discussion  here  will  focus  upon  the 
interaction  of  dimeric  systems.  In  the  case  where  the  exchang- 
ing species  are  widely  separated  as  in  sons  crystals  or  in  the 
case  of  van  der  Waals  diners,  the  magnetic  dipole-dipole 
coupling  )oetween  unpaired  electrons  can  dominate  the  aniso- 
tropic exchange.  This  work  is  primarily  interested  in  the 
study  of  such  systems  isolated  within  a rare  gas  natrix, 
however,  since  there  is  only  one  such  case  recorded  (60,85,86) 


studies 


pure  crystals  (87-92) 


Figure  (2i)  A plot  of  D vs.  resonant 
nonet  sigma  molecule,  v = 9.3 


magnetic  fields 


H (KikDgajss) 


Figure  (22)  A plot  of  D vs.  resonant  magnetic  fields 
undecet  sigma  molecule,  v e 9.3 


as  Impurities  in  diamagnetic  crystals  (93,94) , will  be  used  as 
examples.  Exchange  interaction  is  generally  represented  by  the 
isotropic  or  Heisenberg  type  coupling 


where  a negative  value  of  J symbollaes  antiferromagnetio 
coupling  and  a positive  sign  symbolizes  ferromagnetic  coup- 
ling. The  spin  operators  are  noted  as  1 and  2 to  Indicate  the 
atom  to  be  operated  on. 

contrary  to  the  appearance  of  equation  (90)  the  isotropic 
exchange  is  an  electrostatic  interaction  determined  by  the 
antisymmetry  requirement  of  the  Pauli  exclusion  principle,  and 
not  a consequence  of  the  spin  angular  momentum  operators.  In 
the  case  of  two  equivalent  spins  = 1/2 


(90) 


2ii 


(91) 


from  which  may  be  derived. 


. l/2[S(S  + 1) 


(92) 


1)]  • 


= -3/i. 


(93) 


-j4i  • 8j 


(941 


and  therefore, 

J = -(Eg.i  - Es.o)  • (95) 

Thus,  the  energy  difference  between  the  singlet  and  triplet 
states  is  egual  to  J.  A biquadratic  term  which  can  be  included 
in  equation  (90),  but  which  is  generally  negligible  is 


♦ j(flj  • . (96) 

Isotropic  exchange  tends  to  align  spins  on  neighboring 
atoms  either  parallel  or  antiparallel,  while  its  counterpart, 
anisotropic  coupling  arises  from  spin-orbit  interactions  and 
requires  that  J be  represented  as  a second  rank  tensor  similar 
to  D,  or  g.  In  this  light  the  Hamiltonian  for  exchange 
interactions  becomes 


spin  each 


nagnetlc  field  oriented  along  the  axis  between  then  the 
Hamiltonian  can  be  represented  as  in  equation  (98) . 

■’yyV  * 

- 1/4  '^yy  '^az> 

In  the  above  form  the  isotropic  and  anisotropic  contributions 
are  separable  as 


^Ti  ^ ' 


Above,  the  primed  quantities  are  representative  of  the  aniso- 
tropic contributions  and  the  unprimed  of  the  isotropic.  The 
Hamiltonian  for  exchange  interactions  then  becomes 

«ex  “ ^s®e”z®z  * l/2J[S[S  ♦ 1)  - 3/2]  (joo) 

In  the  case  of  purely  isotropic  exchange  the  J'  terms  are  all 


Che  energies  for  singlet  and  triplet  states 


beoome 


An  analogy  nay  be  made  between  the  anisotropic  portion  of 
equation  flOO)  and  the  zero-field  splitting  parameter,  which 
results  in  its  representation  of  the  zero-field  parameter  as 

- 1/3S(S  + 1)J  + 1/2E(§*^  + S"*)  . (102) 

Here  D - and  E ■ l/4(Jjj  + Jy) , and  the  analogy  with  the 
zero-field  parameter  is  obvious,  although  the  term  arises  from 
exchange  interaction  and  magnetic  dipole-dipole  interactions 
as  opposed  to  spin-spin  and  spin-orbit  interactions.  If  one 
assumes  point  dipoles  to  model  such  interactions  then  the 
interaction  is  proportional  to  the  intervening  distance  as, 

Da  = + i/2(g^*  + gy^) ) . (io3) 
where  r is  the  distance  between  dipoles. 


Increased  spin-orbit  coupling  conplicates  the  situation, 
but  the  result  in  the  case  ol  axial  eymnetry  sinplifies  to 

• Ij)  . (104) 


Dp  is  proportional  to  (1/A)^J  or  (4g/g)^J  where  X is  the  spin- 
orbit  coupling  constant  and  A is  the  energy  difference  between 
the  two  coupled  states.  This  contribution  can  be  considered 
negligible  for  values  of  J < 30  CD  (92) . Thus  the  aniso- 
tropic exchange  can  be  characterised  by  D^,  where 


De  = + Dg  . (105) 

The  Hamiltonian  for  exchange  interaction  is  then  given  by 
«ex  = -J*!  • 8j  ♦ '’ef*®iz®Js  " 

* =‘^ixSjx  - ^ySjy)  ■ 

where  J is  the  isotropic  exchange  constant  and  D has  been 
defined  above,  in  the  case  where  isotropic  exchange  is 
dominant  and  J is  much  larger  than  the  fine  or  hyperfine 
structure  terms  Owen  and  Harris  have  derived  the  spin  Hamilto- 


(93) 


« - ga^H  - (J/2)[S(S  + 1)  - Sj(S.  * 1)  (107) 

- S^(Sj  + 1)]  + Dg[§2*  - 1/3S(S  + 1)3 
* Egia,*  - 8y*>  + (A/2)S(1^  * I^)  . 


effective  zero-field  splitting  parameters  for  the  particular 
spin  state.  These  can  be  derived  for  the  individual  spin 
states  from  their  dipolar  and  crystal  field  components  and 


(loaa.b) 


Cg  = 1/2[S(S  + 1)  + 4S.(Sj^  + 1)]  • (109a, b) 

1/(2S  - 1)(2S  + 3)  , 

6g  = [3S(S  + 1)  - 3 - 4S.(Sj^  + 1)3  • 

1/[2S  - 1)(2S  * 3). 

Values  tor  and  9^  for  Sj  - Sj  - 1/2  to  7/2  have  been  given 
by  Owen  and  Harris  (93) , and  the  equations  (107-109)  are  known 
as  the  Judd-owen  equations  (95).  If  the  value  of  3 is  indepen- 
dent of  S then  the  energies  of  the  different  spin  states  will 


given  by 


Wg  = (J/2)IS(S  * 1)  - S.(Sj^  * 1)  (110) 

- Sj(S^  + 1)], 

and  the  successive  energy  levels  will  obey  a Lande'  interval 
rule.  In  this  case  the  energy  spacing  between  the  spin  levels 
will  vary  regularly.  That  is,  the  spacing  between  S = 0 and  S 
■ 1 will  be  J,  while  the  spacing  between  S « 1 and  s ■ 2 will 
be  2J,  etc..  If,  however,  J is  not  constant  with  differing 
values  of  S,  as  can  be  the  result  of  lattice  distortions (81, 
96,97),  the  situation  becomes  more  complex.  Such  effects  will 
be  considered  in  a later  chapter. 


CHAPTER  IV 

ISOVALENT  TRANSITIOK  HETAL  DIATOMICS 
Introduction 

The  variety  of  properties,  structures,  and  bonding 
characteristics  observed  in  intermetallic  coopounde  and  alloys 
is  a challenge  for  any  level  of  theory  to  describe  (98,99). 
Over  the  past  2S  years  the  basic  principles  of  nolecular 
orbital  theory  have  been  related  to  and  used  with  good  success 

attempted  to  relate  the  average  number  of  valence  electrons  to 
such  properties  as  crystal  structure  by  correlating  the  number 
of  unpaired  a and  p electrons  to  favored  crystal  structure 
(100).  Brewer,  and  later  Cingerich  extended  this  wor)(  to 


interpret  the  thermodynamics  and  structures  of  intermetallic 
compounds  and  alloys  from  the  electronic  structure  of  metal 


metals  from  opposite  ends  of  the  transition  series.  Brewer  has 
explained  this  by  a simple  picture  of  electron  donation  from 
electron  rich  d orbitals  into  electron  poor  d orbitals.  From 


from  widely  separated  transition  metals  will  be  strongly  bound 


strong  bonding  In  these 


and  of  relatively  low  spin.  The 
called  Brewer-Sngel  molecules  has  been  supported  by  a number 
of  studies  (102-106). 

In  general,  with  such  complex  molecules  as  these  it  is 
useful  to  explore  any  correlations  between  the  electronic 
structure  and  the  bonding.  In  the  various  studies  of  the  above 
described  Brewer-Engel  molecules  and  of  various  other  species 
the  available  data  supports  the  simple  picture  that  an 
isovalent  principle  is  indeed  applicable  in  these  cases.  In 
short,  a great  number  of  examples  have  been  observed  for  which 
the  number  of  s d valence  electrons  correlates  with  the 
ground  state  of  the  transition  metal  dimer.  Recently  matrix 
isolation  ESR  spectroscopy  has  shown  that  a series  of  mole- 
cules TiCo,  ScHi,  ScPd,  VNi,  and  IPd  all  having  13  valence 
electrons,  all  possess  ‘Z  ground  states.  In  this  series  the 
similarity  extends  even  to  the  relatively  equivalent  spin 
distributions  (103,104).  Other  examples  of  isovalency  are  the 
series  of  12  valence  electron  dimers  cr.,  TiPe,  and  Scco 
(101),  and  the  14  valence  electron  series  TiKi,  VCo.  and  Hn^ 
all  with  ground  states  (103).  This  idea  has  also  been 
partially  extended  to  the  Id  valence  electron  series  in  the 
cases  of  MnAg  and  CrZn  both  of  which  possess  'z  ground  states 
(105) . 

This  chapter  is  concerned  with  exploring  the  applicabili- 
ty of  both  the  above  principles  to  the  series  of  isovalent 


molecules  formed  from  ccnnbinations  of  groups  5 and  10. 
Specifically,  the  observed  ESR  spectra  of  the  dimers  VNi,  VPd, 
VPt,  KbKi,  and  NbPd,  indicate  they  all  possess  a ground 
state.  VNi  is  included  here  for  the  purposes  of  discussion 
although  its  ESR  spectra  and  properties  were  discussed 
previously  (106).  Like  the  13-electron  series  mentioned  above 
these  molecules  fall  into  the  class  of  Brewer-Engel  molecules 
composed  of  atoms  of  two  widely  separated  transition  metals, 
one  being  d eleotron  deficient  and  the  other  d electron  rich. 
VPd  and  similar  such  molecules  have  been  studied  by  Gingerich 
and  others  (107,106),  and  their  bond  energies  determined.  A 
number  of  empirical  calculations  based  loosely  on  thermodynam- 
ic propertiee  of  bulk  states  have  been  applied  to  these 
systems  in  attempts  to  derive  bond  energies  (2).  Host  notable 
of  these  is  Hiedema's  use  of  an  atomic  cell  model  to  give  )7ond 
energies  which,  even  if  not  quantitatively  correct,  are  useful 
as  indicators  of  relative  bonding  strength  (109,110). 

Both  the  laser  and  Knudsen  cell  deposition  techniques 
discussed  in  chapter  II  were  used  in  the  preparation  of  the 
molecules  discussed  here.  Vanadium  chips  (Fischer  99. 9t 
purity)  and  palladium  powder  (Spex  99.99%  purity)  were 
simultaneously  vaporized  from  resistively  heated  tantalum 
Xnudsen  cells,  cell  temperatures  were  maintained  at  2000  and 
1600**  C for  vanadium  and  palladium,  respectively,  as  measured 
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by  a Leeds  and  Northrup  optical  pyrometer.  The  temperatures 
are  uncorrected  for  emissivity.  Laser  vaporised  samples  were 
prepared  by  two  basic  methods.  The  first  of  these  entailed 
wrapping  a wire  of  the  appropriate  metal  around  a threaded  rod 
of  the  second  metal  to  approximate  50-50  surface  coverage,  the 
rod  was  then  rotated  and  slowly  translated  horisontally  with 
the  laser  focussed  to  about  a 4mm  diameter  circle.  Katerials 
used  included  vanadium  rod  (6.2inm  dia.,Alfa  99.5%  purity), 
tantalum  rod  (6. 2mm  dia. , Fansteel  99.99%  purity) , niobium  rod 
(6. 35mm  dia.  Aesar  99.99%  purity),  nickel  rod  ( 6.2mm  die. 
Aesar  ),  platinum  wire  (0.5mm  dia.,  Aesar  99.998%  purity), 
nickel  wire  (0.5mm  dia.,  Aesar  99.5%  purity),  palladium  wire 
(0 . Smm  dia . , Aesar  99.997%  purity) , tantalum  wire  (0.5mm  dia . , 
Fansteel  99.996%  purity) , and  niobium  wire  (Q.Smm  dia. , Aesar 
99.99%  purity).  The  second  method  for  preparing  laser  vapor- 
ized samples  was  to  mix  equimolar  portions  of  powders  and 
sinter  them  into  pellets  using  a standard  infrared  pellet 
press.  Powders  used  in  these  preparations  included  vanadium  , 
palladium  , niobium  (Spex,  99.95%  purity),  and  nickel  (spex, 
99.99%  purity)  metal  vapor  was  codeposited  with  argon  gas 
(Airco  99.999%  purity)  onto  a single  crystal  sapphire  rod 
maintained  at  a temperature  of  12  K with  the  use  of  an  APD 
Cryogenics  displex.  Matrices  of  argon  and  neon  (Union  Carbide 
99.996%  purity)  were  also  deposited  upon  a copper  rod  cooled 
to  4 K with  the  uae  of  liquid  helium  via  an  Air  Products  Heli- 


Tran  continuous  flow  system,  spectra  were  taken  with  the  ESS 
spectrometers  described  in  chapter  II. 

Figures  (23)  and  (24)  show  the  X-band  ESS  spectra  of  the 
randomly  oriented  vpd  and  vpt  molecules,  respectively, 
isolated  in  argon  matrices  at  12  and  4 K.  Figures  (25)  and 
(26)  show  the  X'Band  ESS  spectra  of  HbKi  and  NbPd  randomly 
oriented  in  eolid  neon  and  argon  respectively  at  4 and  I2K. 
The  NbNi  spectrum  has  )2een  pieced  together  due  to  severe 
background  interference  with  the  line  positions  of  unobscured 
transitions  shown.  The  second  and  seventh  transitions  have 
been  omitted  because  they  overlap  directly  with  stronger 
transitions  from  other  species.  The  observed  and  calculated 
line  positions  in  each  case  along  with  the  parameters  used  for 
the  calculations  are  given  in  tables  (1-4). 

The  spectrum  shown  in  figure  (23)  is  centered  at  about 
17S0G  and  exhibits  an  eight  line  hyperfine  pattern  due  to  the 
presence  of  a single  nucleus  (1=7/2  99.76%  nat.  abun- 

dance). The  hyperfine  splitting  for  the  ^®®pd  nucleus  (l-s/2 
22.2%  nat.  abundance)  was  not  observed  due  either  to  the 
abundance  which  would  reduce  its  relative  intensity  to  5%  of 
that  of  the  eight  lines  shown  or  perhaps  because  the  hyperfine 
splitting  for  the  ^^^Pd  lies  within  the  linewidths  of  the 
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Figure  (24)  ESR  spectrum  ot  the 
argon  at  4K.  u = 9.378  GHs 
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Figure  (26)  £SR  spectrum  of  the  ^^NbPd  molecule  trapped  in 
argon  at  12K.  v » 9.37d  Ght 
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(a)  magnetic  parameters  gj.  = 1.9540(10),  g|  = 2.0023 
(assumed).  Aj  - 378  (10)  HHa,  = 46i(i)  HHz,  D > Icm'^ 
(assumed). 
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(a)  raagnettc  parameters!  gj.  = 1.8460(10),  gj  - 2.0C 
mmed),  Aj.(*^Nb)  = 595(1)  MB2,  A|  (®^Nb)  - 631(28)  MHz.  C 


h/perflne  line  positions  (in  Gauss)  for  the  MbPd  molecule 
isolated  in  argon  at  12K.  All  lines  are  perpendicular  transi- 
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(a)  magnetic  parameters:  gj_  = 1.8650(10),  gjj  ” 2.0023 
(assumed),  Aj.(®^Nb)  - 343(1)  MHs.  Aj  (®^Nb)  = 336(30)  MHZ,  D > 


observed  transitions.  This  latter  explanation  is  less  likely 
because  of  the  large  nagnetic  nonent  of  the  palladium  nucleus. 
The  weaker  parallel  lines  which  should  be  centered  about  33SOG 
were  not  obeerved.  The  VPd  spectrum  also  shows  a background 
signal  under  the  = -'1/2  transition  owing  to  another  matrix 
isolated  species.  This  line  unfortunately  cannot  be  annealed 
out  of  the  spectrum  since  it  in  fact  grows  in  while  the  VPd 
signal  weakens.  The  position  of  the  center  of  the  hyperfine 
pattern  gives  a g *4,  indicating  that  VPd  has  an  ground 
state.  The  appearance  of  only  the  lowest  Kramer's  doublet 
below  lO.ooOG  is  evidence  that  the  zero  field  splitting 
parameter  |D|  is  greater  than  1 cm 

Figure  (24)  shows  the  eight  stranger  hyperfine  lines  due 
to  the  presence  of  a single  ^^V  nucleus.  Superimposed  upon 
these  is  a pattern  of  eight  doublets  due  to  the  interaction 
with  one  ^^®Pt  nucleus  <I“l/2  33.8*  nat.  abundance).  The 
spectrum  is  further  complicated  by  the  presence  of  another 
less  populated  matrix  site  and  by  the  fact  that  the  Pt 
splitting  is  approximately  twice  that  for  v.  These  factors 
cause  the  intensity  variation  and  the  overlap  of  the  observed 
lines.  There  is,  however,  no  question  as  to  the  presence  of  Pt 
hyperfine  since  the  pattern  extends  out  symmetrically  in  both 
directions  from  the  central  eight  lines.  The  pattern  observed 
here  is  shifted  relative  to  that  observed  for  vpd  and 


therefore  g®  is  relatively  larger  indicating  a significant  g 
shift  which  will  be  discussed  later  in  this  chapter.  Again  no 
other  fine  structure  lines  were  observed  indicating  that  this 
molecule  has  a |D|  value  greater  than  1 cm~^  as  did  VPd. 

KbHi 

Ten  hyperfine  lines  due  to  a single  nucleus  (1*9/2 
1004  nat.  abundance)  can  be  accounted  for  in  this  spectrum 
even  though  two  lines  are  partially  obscured  by  background 
signals.  The  weaker  hyperfine  due  to  **’Ni  (1=3/2  1.194  nat. 
abundance)  are  not  expected  to  be  detectable.  The  ®^Kb  nucleus 
possesses  the  largest  nuclear  moment  of  any  stable  isotope  in 
the  periodic  table  and  consequently  produces  larger  hyperfine 
splittings  with  a clear  departure  from  equal  spacing  of  the  m. 
signals  with  increasing  field.  For  this  reason  g®  is  slightly 
less  than  4 and  is  shifted  downward  from  g . The  presence 
of  a significant  second  order  splitting  in  the  spectrum  makes 
it  possible  to  ma}ce  a more  accurate  estimate  of  the  magnitude 
of  A||  than  was  possible  In  the  two  previous  examples.  Such  an 
estimate  is  of  course  still  crude  since  no  'parallel'  transi- 
tions were  actually  observed.  Again,  only  the  lowest  Kramer’s 
doublet  was  observed  below  iO,OOOG,  so  presumably  |D|  is 


The  ten  line  hyperfine  pattern  owing  to  one  nucleus 

are  again  visible  as  la  a distinct  increase  in  the  hyperfine 
splitting  with  increasing  signals.  Again  this  allows  a nore 
accurate  estimate  of  Ay  and  indicates  that  g^_  is  shifted  lower 
than  g^.  In  the  case  of  NbPd  the  lines  are  in  general  sharper 
than  those  observed  for  NbNl  and  VPd.  As  in  the  case  of  the 
VPd  molecule  the  weaker  signals  due  to  the  presence  of  ^^^Pd 
were  not  observed.  As  with  the  three  other  molecules  the  |D| 
value  here  is  also  presumed  greater  than  1 cm'^  due  to  the 
observation  of  a single  transition. 

Analysis 

The  spin  Hamiltonian  used  to  analyze  the  observed 
hyperfine  structure  was  the  one  already  derived  here  (equation 
(74))  for  linear  molecules  with  hyperfine  terms  added. 

M = gjVz^  * 9i®e<Mx  * Vy’ 

♦ D[S^*  - 1/3S(S  + 1)1 

Here  the  summation  is  over  each  magnetic  nucleus  i.  Higher 
order  terms  such  as  quadrupolar  and  nuclear  Zeeman  were  found 
unnecessary.  The  hyperfine  parameters  were  obtained  by  exact 
diagonalization  of  the  eigenvalue  matrix  derived  from  the 
above  equation  for  each  magnetic  nucleus  observed.  Second 


order  perturbation  theory  was  used  to  derive  approximate 
parameters  for  each  nucleus  and  these  were  successively 
adjusted  in  the  above  calculation  until  they  acourately 
predicted  the  observed  spectra.  The  calculated  line  positions 
for  each  molecule  are  given  in  tables  1-4.  The  hyperfine 
parameters  derived  in  this  way  are  listed  in  table  (S)  along 
with  their  uncertainties.  The  data  for  VKi  has  been  included 
for  purposes  of  comparison.  It  is  generally  not  possible  to 
fix  the  sign  of  the  hyperfine  parameters  derived  from  ESR 
spectra,  so  in  this  case  the  sign  of  the  derived  parameters 
has  been  assumed  the  same  as  the  sign  of  the  nuclear  moment 
and  the  remainder  of  the  parameters  calculated  using  that 
assumption.  Due  to  the  overlap  observed  in  the  ^^^Pt  hyperfine 
for  VPt  the  hyperfine  parameters  for  Pt  were  determined  using 
only  second  order  perturbation  theory  applied  to  the  transi- 
tions with  the  most  well  known  line  positions.  The  parameters 
derived  in  this  way  understandably  are  more  uncertain  than  the 

Discussion 

All  the  observed  ESR  spectra  indicate  that  these  mole- 
cules have  certain  basic  similarities.  Each  of  them  has  a 
ground  state  with  the  dominant  electron  configuration  being 
either  ...o^n^  or  in  this  case  the  a orbital  can  be 

assumed  an  sd  hybrid.  The  %so  characters  listed  in  table  (5) 
the  derived  isotropic  hyperfine 


calculated  by  dividing 


values  by  the  atomic  value  as  given  by  Horton  and  Preston 

must  be  multiplied  by  a spin  dilution  factor  of  2S  = 3.  As  an 
example  this  calculation  for  would  yield  3 X 226/4166 
= 164  for  and  3 X 518/34410  - 54  for  ^*®Pt.  The  remaining 


spin  density  can  be  tentatively  assigned  to  the  do,  dm,  and 
dS,  character  by  the  analysis  of  the  experimentally  determined 
Xjjp  values.  Of  these  all  are  negative  with  the  exception  of 

that  the  sign  is  in  question.  The  negative  values  imply  a 
predominance  of  df  character  for  the  unpaired  spins  since  the 


unpaired  spin  is  located  on  V with  the  exception  of  the  54  so 
character  calculated  for  Pt  then  the  value  calculated  for 
the  nucleus  would  be 


[ (1  - .21) (1/3) (2/7)  (112) 

- (2/3)(2/7)]437.6  = -SOMHz  . 

(The  assumption  of  unpaired  spins  largely  located  on  V is 
supported  by  earlier  work  on  the  13  valence  electron  diatonics 
involving  group  3 and  group  10  congeners  (105).)  This  is  in 
fair  agreement  with  the  observed  value  of  -35HHz,  but  of 


explain 


*dlp 

-91(S0]HHz.  Even  in  this  case  it  is  not  possible  to  make  a 
reliable  estimate  of  the  spin  distribution  other  than  the  so 
character.  Obviously  a complete  treatment  of  the  remaining 
molecules  for  which  only  one  magnetic  nucleus  produced 
observable  hyperfine  is  also  not  possible.  However  certain 
observations  may  still  be  made.  All  the  values  given  are 
extremely  small  with  the  exception  of  that  given  for  ®^VPd. 
This  is  particularly  noticeable  in  the  cases  of  the  Nb 
containing  species  which,  because  of  the  large  nuclear  moment, 
would  be  expected  to  be  quite  large  in  the  case  of  a spin 
distribution  such  as  that  described  above  for  VPt.  Explana- 
tions of  this  obviously  include  deviation  from  the  assumption 
that  the  unpaired  spin  is  dominantly  upon  the  d-poor  atom  or 
more  likely  that  a combination  of  spin  densities  in  orbitals 
which  contribute  quantities  of  opposite  sign  to  must  be 
considered. 

An  examination  of  table  (S)  also  reveals  a seemingly 
anomalous  variation  in  q±  and  the  %so  character  on  the  d-poor 
atom,  This  is  in  sharp  contrast  to  the  case  of  13  valence 
electron  diatomics  which  show  essentially  equivalent  Vso 
character  throughout  the  series  and  show  only  small  deviations 
in  gj,.  The  large  shifts  in  g^^  are  due  to  strong  coupling 
between  excited  states  and  the  ground  state.  The 


orbit  coupling  constants  for  each  nucleus  and  the  sign  of 
their  relative  contribution  to  the  molecular  spin-orbit 
coupling  constant.  Taking  the  mean  valency  as  one  the  spin 
orbit  constants  for  the  relevant  nuclei  become  V(+158  cm'^), 
Nb[»475  cm“^),  Ni(-603  cm'^)  , Pd(-1420  cm"^)  , Pt(-4052  cin'^) 
(111).  If  the  spin  is  dominantly  found  on  the  d-poor  atom  its 
smaller  spin-orbit  coupling  will  be  weighted  more  strongly  and 
the  shift  in  gj.  will  be  negative.  As  can  be  seen  in  table  (5) 
the  g shift,  Agj_  = gj.  - g^,  oscillates  from  slightly  positive 
to  negative  to  largely  positive  in  the  series  of  vanadium 
species.  Taking  the  rapid  rise  in  the  magnitude  of  the  spin- 
orbit  coupling  constant  in  going  from  Hi  to  Pt  one  might 
expect  an  increase  in  gj^  and  so  it  would  appear  that  VPd  goes 

It  is  possible  to  consider  this  problem  in  light  of  the 
difference  in  atomic  ground  states  of  Hi,  Pd,  and  Pt,  and  the 
effect  their  differences  may  have  on  the  spin  distribution  and 
thus  the  spin-orbit  coupling.  In  this  line  Hi  and  Pt  have 
either  a ground  or  very  low-lying  excited  etate  of  the 

and  no  such  low  lying  state.  One  of  the  tew  theoretical 
calculations  made  on  species  of  this  complexity  relates 


Hartree-FDck  calculation  for  the  VPd  molecule  (108)  based  upon 
which  they  theorized  a strong  donation  of  electrons  from  the 
full  d orbitals  of  Pd  to  empty  d orbitals  on  V,  and  a back 
donation  of  s electrons  from  y to  the  empty  5s  Pd  orbital. 
Additionally  the  unpaired  spin  of  this  molecule  was 
calculated  to  reside  largely  upon  the  lighter  atom  V.  Taking 
these  factors  into  account  it  is  believable  that  the  4s 
electrons  on  V remain  in  what  is  essentially  a V 4s  orbital 
and  account  for  the  tss  character  on  V in  this  case  and  subse- 
quently the  predominance  of  spin  on  V would  account  for  the 
negative  dgj_  observed. 

In  the  case  of  the  Nb  containing  molecules  the  situation 
is  slightly  different  since  there  is  actually  an  Increase  in 
gj,  in  going  from  NbNi  to  NbPd.  There  is  also  a decrease  in  %so 
character  on  Nb  in  this  series.  The  negative  g shifts  here  can 
perhaps  be  related  to  the  three-fold  increase  in  spin-orbit 
coupling  constant  in  going  from  V to  Nb,  which  would  Increase 
the  negative  effect  of  spin  density  on  the  group  S element. 
Prom  this  one  would  predict  lower  values  of  gj,  in  going  from 
VNi  to  NbNi  and  from  VPd  to  NbPd,  which  is  the  case.  The 
moderate  rise  in  gj^  in  going  from  NbNi  to  NbPd  can  also  be 
treated  by  the  more  than  two-fold  increase  in  spin-orbit 
coupling  constant  in  going  from  Ni  to  Pd.  This  slight  rise  is 
similar  to  that  observed  between  YNi  and  VPd  (104).  The 
difference  in  trends  for  the  spin  density  is  an  indication  of 


113 

a fundamental  difference  in  bonding  in  going  from  the  V series 
to  the  Kb  series.  A simple  explanation  of  this  may  lie  in  the 
increased  d orbital  overlap  and  thus  stronger  d bonding  of 
second  row  transition  metals  and  in  the  case  of  KbPd  a more 
efficient  s electron  back  denation.  In  any  case  it  is  apparent 
that  the  bonding  in  these  15  electron  species  is  considerably 
more  complex  than  the  analogous  13  electron  series  (103,104). 

A simplistic  picture  of  the  electronic  configuration  can 
be  built  by  adding  two,  essentially  non-bonding  d£  electrons 
to  the  picture  of  the  ground  state  for  the  13  electron  *S 
molecules.  In  this  way  a comparison  may  be  made  in  the  bond 
energies  of  these  two  series  since  such  a model  would  predict 
similar  bond  energies  with  perhaps  a small  decrease  due  to 
decreased  d to  s orbital  radius  in  going  from  group  3 to  group 
5.  A comparison  of  this  model  with  bond  energies  (in  eV] 
calculated  by  Hiedema  (109)  yields  ScNi,  3.26  vs.  VNi,  2.62, 
SePd,  3.66  vs.  VPd,  2.80;  YHi,  3.06  vs.  NbNi,  3.53,  and  IPd, 
3.51  vs.  NbPd,  3.66.  These  figures  support  the  picture  that 
the  two  added  d electrons  are  largely  nonbonding  for  the 
molecules  containing  first  row  group  5 elements  but  not  for 
the  analogous  cases  of  second  row  elements.  The  increased  d-d 
overlap  encountered  with  the  second  and  third  row  transition 
metals  may  allow  for  stronger  bonding  between  these  orbitals. 
The  lack  of  experimental  determination  of  bond  energies  is  a 


weakness  here,  and  the  need  for  such  experiioental 
further  analysis  is  obvious. 


corroborated  by  experinent  (80) 


jpled 


Eg  = -(J/2)(S(S 


In  rare  gas  matrices  it  was  only  possible  to  populate 
spin  states  to  a degree  that  allowed  the  observation  of  fine 
structure  lines  associated  with  the  S - 3 state,  since 
temperatures  > eoK  led  to  increased  diffusion  and  loss  of  ESR 
signal.  In  order  to  detect  the  higher  spin  states  of  S = 4 and 

number  of  hydrocarbon  matrices  were  tried  and  cyclopropane  was 
found  to  be  satisfactory  since  it  showed  no  detectable 

temperatures  of  llOX.  The  analysis  of  those  results  will  be 

of  the  spin  states  from  that  described  by  equation  (113)  due 
to  exchange  striction  (81,93,96). 

Similar  to  the  great  variation  in  properties  between  the 
manganese  and  chromium  dimers  is  the  change  in  bonding 
character  produced  in  removing  an  electron  from  Mn^  to  produce 


=hlicher  (120) 


bonding  variation  between  Hn,  and  Hn^^  and  has  attributed  the 
difference  to  the  larger  4s-3d  exchange  energy  in  the  cation 
relative  to  3d-3d  exchange.  The  dissociation  energy  of  the 
cation  has  been  assigned  various  values  between  0.85  and  2.1 
eV.  (116-118). 

Lastly,  the  previously  unobserved  CrMn  molecule,  iso- 
valent  to  Hn^  , has  been  prepared  in  argon  and  neon  matrices 
and  has  been  found  to  have  a total  spin  of  s - 3/2  and  a 
ground  state  (80) . In  contrast  to  its  isovalent  counterpart 
this  molecule  is  presumably  multiply  )oonded.  These  latter  two 
molecules  will  be  discussed  as  intermediates  between  the 
strongly  bound  12-electron  Cr,  (^S).  = 1.47  eV  (121),  = 

1.7A(122))  and  the  weakly  bound  14-electron  Hn2(^S)  . D^  = 0.1 
eV  (123.124),  r - 3.4  A) . 

The  preparation  of  the  molecules  of  interest  utilised  a 
number  of  techniques.  Mn,  was  produced  by  vaporization  of 
manganese  (Spex  chips  and  Aldrich  powder  both  99.9%  purity) 
from  a resistively  heated  tantalum  cell  at  temperatures 
between  1050*  and  1200*  C.  In  the  case  of  CrHn  a double 
Knudsen  cell  furnace  flange  was  utilized  and  chromium  powder 
(Aldrich  99.99%  purity)  was  vaporized  from  a tantalum  cell 
resistively  heated  to  between  1650*  and  18Q0*C.  The  above 


temperatures  ;^ere  recorded  with  the  use  of  a Leeds  and 
Northrop  optical  pyrometer  and  are  uncorrected  for  emissivity. 

Experiments  were  also  performed  utilizing  a Spectra 
Physics  DCR-11  NdYAG  laser  to  vaporize  sintered  pellets 
composed  of  an  equimolar  mixture  of  manganese  and  chromium 
powders.  Additionally,  in  some  experiments  chromium  powder 
enriched  to  -S5t  in  the  ^^Cr(l  = 3/2)  isotope(Oa}<  Ridge 
National  Lab,  Stable  Isotopes  Division)  The  metal  vapor  was 
codeposited  with  one  of  a number  of  matrix  gases  onto  either 
a single  crystal  sapphire  rod  cooled  to  12K  with  the  use  of  an 
AFD  Cryogenics  Displex  helium  refrigerator,  or  a copper  rod 
cooled  to  4K  by  the  use  of  a continuous  flow  Heli-tran  liquid 
helium  transfer  tube.  Gasee  used  for  matrices  were  argon  (Air 
Products,  99.995t  purity),  neon  (Union  Carbide,  99,996% 
purity),  methane,  and  cyclopropane  (both  Matheson  99.99)  and 
99.0)purity,  respectively).  Temperatures  were  controlled  with 
the  use  of  a digital  temperature  controller  (Scientific 
Instruments  inc.)  and  measured  with  an  Fe-Au/  constantan 
thermocouple. 

The  manganese  dimer  cation  Hn^  was  produced  using 
methods  analogous  to  those  developed  by  Jacox  (125)  and  Knight 
(126)  to  produce  ions  for  matrix  isolation.  This  involved 
introduction  of  an  open-ended  quartz  tube  for  the  introduction 
of  argon  gas  which  was  simultaneously  excited  by  the  use  of  an 
SOW  microwave  discharge.  The  ESR  spectrum  was  best  observed  at 


high  microwave  power,  indicating  a fast  relaxation  time.  The 
signals  were  observed  to  become  stronger  after  brief  annealing 
of  the  matrix  to  -30K  and  quenching  again  to  4K.  The  spectrum 
also  showed  an  unusual  temperature  dependence  in  that  lowering 
the  matrix  temperature  to  -3X  by  pumping  on  the  liquid  helium 
caused  a five  fold  increase  in  the  upfield  transitions  and  a 
decrease  in  the  low  field  transitions  by  a factor  of  two. 
Also,  a temperature  rise  of  only  3 degrees  above  the  deposi- 
tion temperature  caused  the  complete  disappearance  of  the 
spectrum.  Raising  the  microwave  power  from  3.2  to  32  mw  caused 
the  signals  to  increase  by  a factor  of  three,  while  a further 
increase  to  209mH  realized  only  an  increase  of  only  1.5  times, 
indicating  some  saturation  at  high  powers. 

ESR  spectra 


As  has  been  previously  discussed  (80,85,66)  when  the 
temperature  of  a matrix  containing  Hn  atoms  is  raised  from  4K, 
a number  of  eleven-line  hyperfine  patterns  appear  with 
intensity  ratios  given  as  1: 2 : 3 : 4 : 5: € s 5: 4 : 3 : 2 : 1 and  an 
hyperfine  splitting  of  15S.  The  intensity  ratio  and  the 
hyperfine  splitting  are  indicative  of  two  exchange  coupled 
atoms  (I  = 5/2)  which  would  have  approximately  twice  the 
observed  hyperfine  if  isolated.  The  groups  of  hyperfine  can  be 
analyzed  as  fine  structure  transitions  for  a particular  spin 
state  S = 1 - 5 of  the  Mn,  molecule.  The  earliest  wor)c 


mentioned  above  was  United  to  the  observation  of  only  the 
most  intense  transitions  of  the  S » 3 state;  however,  more 
recently  Hn^  has  been  isolated  in  cyclopropane  matrices  and 
the  temperature  varied  from  12K  to  IlOK  resulting  in  the 
appearance  of  the  spectral  transitions  shown  in  figure  (27) 
and  in  more  detail  in  figures  (28)  and  (29) . Figure  (27)  shows 
the  shift  of  transitions  which  are  observable  at  the  lower 
temperature  as  the  sero-field  splitting  parameter  decreases 
with  increasing  temperature.  The  fine  structure  line  positions 
were  analyzed  using  the  spin  Hamiltonian  given  in  equation 
(68),  and  modified  for  the  successively  higher  spin  states, 
Table  (6)  shows  the  observed  and  calculated  line  positions  for 
this  species.  The  uncertainties  of  the  observed  line  positions 
are  based  upon  the  uncertainty  in  the  determination  of  the 
center  of  each  pattern.  Because  of  this,  they  have  been 
estimated  to  be  equal  to  one  hyperfine  spacing  because  of 
overlap  of  different  transitions  in  nearly  all  spectral 
regions,  or  in  cases  of  poorly  resolved  hyperfine  to  two 
hyperfine  splittings.  Because  nearly  600  hyperfine  transitions 
were  observed,  with  some  overlap,  and  because  the  hyperfine 
splitting  was  relatively  constant  and  small,  only  the  centers 
of  the  hyperfine  patterns  were  fit  to  determine  D and  g 
values.  Methane  matrices  also  showed  clear  hyperfine  patterns 
but  unfortunately  were  no  less  volatile  than  krypton  matrices 


H(kG) 


Figure  (27)  gSR  spectra  of  Mn,  isolated 
and  llOK.  Corresponding  transitions  are 


n cyclopropane 
indicated,  v = 


4043G 


2505G 


The  variation  of  the  relative  intensities  of  the  fine 
structure  lines  within  a given  spin  state  as  a function  of 
tenperature  can  establish  the  sign  of  each  value.  In 
general  this  sign  determination  was  difficult,  but  in  at  least 
in  the  case  of  S = 2 it  appeared  to  be  negative.  This  corre- 
lates well  with  the  negative  values  observed  for  Hn  ion  pairs 

the  intensities  in  different  spin  states  in  order  to  evaluate 

the  Increased  overlap  of  the  s = 4 and  s states  and  the 
density  of  hyperfine  patterns  at  higher  temperatures,  The 
appearance  of  the  lines  is  consistent  with  the  previously 
derived  J = -9  cm'^.  This  value  would  place  the  S = 4 and  5 
states  between  100  and  ISO  cm'^  above  the  lowest  S = 0 state. 

populations  of  the  higher  states  as  S • 3 at  s40K,  s = 4 at  a 

rare  gas  and  hydrocarbon  matrices  ace  given  in  table  (7). 


Parameters  Dg(cm"^)  for  spin  states  S=  1 to  5 and  gj_  of  MHj  in 
various  matrices,  assumed  - 9| 


1.9893(5) 

0.140(3) 


(.9820(5) 

0.142(3) 


1.9987(5) 


1.9830(5) 

0.071(1) 


0.141(3) 


2.0020(5) 

0.139(3) 


1.9983(5) 

0.064(1} 


1.9980(5] 


2.0000(5) 


1.9950(5) 

-Dj  0.032(1) 


(a)  D values  for  S = 1 states  were  extrapolated  using 
Judd-Owens  relations  (94,95). 


Figures  (30)  and  (3i)  show  the  overall  spectrum  and  a 
single  fine  structure  line  observed  for  Mn.  isolated  in  an 
argon  matrix  at  4K.  The  hyperfine  pattern  observed  was  similar 
to  that  observed  for  Hn,  with  the  exception  that  the  splitting 
was  21G  as  opposed  to  L5G  in  the  former  case.  Again  fine 
structure  line  positions  were  fit  using  the  Hamiltonian  given 
in  equation  (61)  modified  for  5b11/2.  Table  (d)  shows  the 
positions  of  the  observed  ten  perpendicular  transitions  and 
two  extra  lines  also  observed,  along  with  the  derived  parame- 
ters used  to  fit  them.  Again  as  in  the  dimer  case  the  uncer- 
tainties In  the  line  positions  are  largely  due  to  difficulties 
in  determining  the  line  center.  The  relative  intensity  changes 
between  the  high  and  low  field  line  upon  cooling  to  3K  indi- 
cates that  the  zero-field  splitting  parameter  D is  negative  in 


The  strong  line  centered  at  -1700G  shown  in  the  top  half 
of  figure  (32]  can  be  assigned  as  the  lowest  Kramer's  doublet 
transition  for  a molecule,  and  clearly  shows  a six  line 
hyperfine  pattern  attributable  to  a single  *®Mn  nucleus  (I-S/2 
100%  nat.  abundance).  The  observation  of  the  wea)<er  XT3 
transition  at  approximately  il.OOOG  confirms  the  above  assign- 
ment and  establishes  the  zero-field  parameter  |D|  in  solid 


maMi*  at°’  5a"5°  GH ®" 


4515  G 


Observed  and  calculate  line  structure  line  centers  (G)  for 
(X^*S)  in  argon  at  3K.  v = 9.58695  GHz 


11/2 

7/2 

5/2 

3/2 


-5/2 

-7/2 


1722(42} 

1910(21) 

2130(21) 


2664(42) 

2996(42) 


3901(42) 

4515(5) 


6385(42) 

5333(42) 

5512(42) 


(b)  Using  gj.  = 1.999(6),  D = -0.0463(15)  cn"^  , 
|Aj.(®®Mn)|  - 21(1)G  = 59(3)  MHz. 


argon  as  slightly  less  than  1 cm"^.  In  reference  to  figure 
(14)  the  XY2  transition  would  not  be  visible  in  the  case  of 
such  a high  |D|  and  the  presumably  strong  22  parallel  transi- 
tion likely  lies  under  other  strong  signals  at  -5350S,  while 
other  transitions  are  expeoted  to  be  too  weak  to  see.  The 
relative  temperature  dependence  of  the  lines  indicates  that  D 

Analysis  of  the  hyperfine  structure  was  accomplished 
using  the  spin  Hamiltonian  already  given  here  for  linear 


« . g||fleKzSz  + 3i®e"*x®x  * Vy* 

+ D[S^^  - 1/3S(S  + 1)] 

Here  the  summation  is  over  each  magnetic  nucleus  i.  Higher 
order  terns  including  nuclear  2eeman  and  quadrupolar  were 
found  not  to  be  necessary  in  fitting  the  observed  lines. 

accomplished  by  repeated  exact  diagonalizations  of  the 

Second-order  perturbation  theory  was  used  to  calculate 
reasonable  starting  parameters  and  these  were  optimized  in 
successive  diagonalizations  until  variations  in  calculated 


line  positions  were  optimized.  Such  analysis  yielded  an 
accurate  value  of  |A_L(®®Mn)|  - 195(1)  MHz  and  a less  accurate 
value  of  |A||  (®®Mn)  | = 168(30)  HHz.  The  appearance  of  )«3  line 
deviates  from  the  sharp  appearance  of  the  xyi  line  due  to  the 
apparent  presence  of  a number  of  matrix  sites  with  slightly 
different  D values.  As  one  may  see  in  examining  figure  (14) 
the  presence  of  multiple  sites  with  differing  D values  would 

The  observed  and  calculated  line  positions  in  argon  are  listed 
in  table  (9)  along  with  the  parameters  used  in  the  calcula- 

nuclei  can  be  found  in  table  (10). 

spectra  for  this  molecule  were  also  measured  in  neon 
matrices,  however,  the  crMn  lines  often  overlapped  with  those 
of  other  Cr  species  (127)  and  were  complicated  by  multiple 
sites.  In  these  cases  the  weak  XY3  line  was  not  resolved  but 
its  estimated  center  occurred  at  about  11,070G.  Table  (11) 
lists  the  observed  lines  and  the  derived  parameters  for  this 
system,  which  agree  well  with  the  argon  data. 

Figure  (33)  shows  a portion  of  the  XYI  line  for  ®^Cr®*Mn, 

a single  ®^Cr  nucleus  (1=5/2  9.6t  nat.  abundance).  This  spec- 


observed  and  calculated (a)  hyperCine  line  positlons(G)  for 


Obs.  Calc. 

5/a  1550.0(10)  1550.0 

■ill  1616.3(10)  1616.4 

1/2  1684.5(10)  1684.6 

-1/2  1753.8(10)  1753.4 


1606.3  -3/a 


10,960(10)  10,961 
11,024(10)  11,024 


1692.5  3/2 

1731.8  1/2 

770  6 1/2  11,096 

1811.8  -3/2 


-3/2  1826.0(10)  1825.8 


11,170(10)  11,171 


-5/2 


1899.0(10)  1899.0 


3/2 


Derived  na9netic  parameters  for  CrHn  in  argon  and  neon 
matrices. 


parameter  Ar  Ne 

1.9929(10) 

1.9935(10) 

g||  (assumed) 

2.0023 

2.0023 

D(cm 

-0.923(5) 

-0.923(10) 

|Ax(®®Mn)  ! (HHt) 

195. (1) 

204.(1) 

1 A||  (®®Mn)  1 (MHZ) 

168.(30) 

182.(30) 

AisgC^^Hn) (MHz) (a) 

166. (2) 

197.(2} 

A^ip(®®Mn) (MHZ) (a) 

-9.(13) 

-8(13) 

%scr  character  (®®Kn) 

11.1(9) 

11.3(9) 

( (3cos*e  - l)/r^) (*®Hn)a.u. 

0.1(2) 

0.1(2) 

|T(0)^| (®®Mn)a.u. 

0.168(2) 

0.178(2) 

|Ax<®^Cr) 1 (MHz) 

111.(3) 

(a)  Asuning  Aj.  and  A||  are  both  the  same  sign  as  the 
nuclear  moment. 


Observed  and  caloulated(a)  hyperfine  line  positions(G)  for 
Cr^^Hn  in  neon  at  4K.  v = 9.578  GHz 


1679(5) 

1754(1) 

1830(1) 

1914(5) 


MnCrri:)/Ar  at  4K 


latter 


(115) 


Here  a antS  B have  been  tabulated  by  Owen  (93),  and  the  D.  and 
D parameters  represent  the  anisotropic  and  crystal  field 
interaction  portions  of  D,  respectively.  The  previously 
reported  results  (85]  supporting  the  picture  of  the  Hn,  system 
ae  following  the  Land#  interval  rule  have  been  found  to  be  in 
error.  The  previous  literature  reported  values  of  ■ 
-0.043(2)  cn”^  and  = -0.001(4)  cn"^,  however,  the  correc- 
tion of  an  error  in  the  calculation  results  in  the  values  of 
D = -0.047(5)  cm"^  and  = -0.002(13)  cn“^.  These  values 
show  a much  larger  variation  and  imply  a larger  crystal  field 
parameter  which  is  thought  unllhely  in  a matrix  environment. 

Prom  an  analysis  of  the  cyclopropane  matrix  data  it  is 
found  that  disagreement  also  exists  in  the  and  parame- 
ters derived  for  this  system.  In  fact,  it  is  not  possible  to 
find  a single  pair  of  values  which  satisfies  the  Land8 
expression  for  all  the  spin  states  in  either  set  of  reported 
results  (81).  This,  of  course,  assumes  that  the  axial  crystal 
field  is  small.  Similar  to  the  phenomenon  observed  by  Harris 
(91)  for  Hn'*’^  ions  in  CaO  and  MgO  crystals,  this  may  be  ex- 
plained as  exchange  striction  between  the  Interacting  pairs, 
leading  to  an  Increase  in  interatomic  distance  and  a variation 
in  J with  different  spin  states.  If  D is  considered  negligi- 


ca Iculated 


he  interatooic  distance  for  each  spin  state 
fron  the  point  dipole  relationship. 


(116) 


The  results  of  such  a calculation,  given  in  table  (12),  and 
show  a definite  trend  toward  decreasing  Og  and  increasing  r 
with  increasing  S with  the  small  exception  of  the  S = 3 

It  has  been  shown  that  J is  a rapidly  decreasing  function 
of  r (96,128),  and  in  this  case  will  be  largest  in  the  S • 0 
state.  By  analogy  with  previous  solid  state  studies  a model  of 
the  energy  of  the  system  which  includes  the  exchange  energies 
and  the  elastic  forces  of  the  )x7nd  may  be  used. 


The  above  model  assumes  the  distortion  of  Hn.  is  small  enough 
to  be  described  by  a simple  harmonic  potential.  This  is  of 
course  guestionable  because  of  the  over  lOt  variation  in  r 
calculated  for  table  (12) . In  any  case  the  opposing  effects 
modelled  above  determine  the  equilibrium  interatomic  distance 
in  each  spin  state.  If  it  is  assumed  that  at 


Eg  = J(r)(flj  - + 35/4)  + xSr^/2 


(117) 


equilibrium 


Paraneters  Dg,  gj.g  (S  = 1 to  5)  and  calculated  interatomic 
diatances  r(A)  of  KTj  in  cyclopropane  matrices. 


(1.990) (b) 
2.002(3) 


1.9980(5) 


3.51(2) 

3.51(3) 


(a)  Calculated  from  eguations(115, 116) . 

(b)  Values  of  gj_g  and  Dg  for  s - 1 are  extrapolated  using 


each  spin  stats  dEg/dr  ■ o and  J(r)  ■ Jq  exp(-efr/rQ)  Chen  one 
may  derive 


6r  - eJg/2KrQCS(s  + i)  exp(-«4r/rg) : . (118) 

Extrapolating  from  the  r values  derived  for  each  observed  spin 
state  a value  of  = 3.17^  is  obtained.  This  may  be  utilized 
in  the  above  relationship  to  solve  for  c and  and  fitting 
the  extreme  values  of  S this  yields  £ » 11.5  and  ^ 
21.4K/ (Nn~^) . The  spacings  between  the  respective  spin  levels 
then  become 


(l/3)i. 

(1/5)4. 


(119a-e) 


These  are  quite  obviously  not  in  agreement  with  the  Landd 
interval  rule.  In  order  to  evaluate  x the  previous  data  on  the 
intensity  of  the  S « 2 lines  was  utilized.  Using  the 
analysis  of  temperature  vs.  intensity  in  reference  (85)  the 
temperature  corresponding  to  the  maximum  intensity  of  the  S = 
2 lines  was  established  as  22K,  and  from  the  Boltzmann  dist- 
ribution assuming  dl/dT  = 0 at  22K,  a value  of  k ■ 0.573  Nm  ^ 


is  obtained.  Thus,  J = 12K  or  8.5  om”^,  in  good  agreenent 
with  the  previously  reported  value  of  9 ± 3 cm”^  (85) . 

Although  is  not  a constant,  and  it  is  probably  not 
zero,  variations  in  it  do  not  lead  to  much  change  in  the 
average  value  of  D^,  as  can  be  seen  in  table  (13).  When  D = 
-0.01  cm"  , which  is  quite  large  for  these  matrices,  the  a)»ve 
examined  trend  in  D with  S is  still  apparent,  and  even  small 
positive  values  of  0^.  produce  the  anomaly  in  at  S = 3.  If 
one  assumes  that  magnetic  dipole-dipole  interactions  are  the 
dominant  source  of  D then  the  characterization  of  Hn,  as  a 
van  der  Waals  molecule  with  r ■ 3.4  K seems  correct. 

Hnj* 

Ervin  et  al.  (116)  gave  a lower  limit  of  0.85  eV  for  the 
bond  energy  of  Hn,  , and  this  has  been  raised  to  1.39  ev  by 
Jarrold  et  al.(il7),  and  most  recently  to  2.1  ± 0.3eV  by 
Hawreit  and  Volpius  (116) . Regardless  of  the  uncertainty,  the 
evidence  of  its  ESR  spectra  implies  the  existence  of  a strong 
chemical  bond  in  this  molecule. 

The  ground  state  determined  by  ESR  implies  that  a 
single  bond  is  involved  since  the  remaining  eleven  valence 
electrons  are  unpaired  and  lerromagnetically  coupled.  The  ^^Hn 
hyperfine  of  only  21G  implies  that  the  unpaired  sc  character 
is  about  2St  so  that  the  bond  is  also  spo  or  sdo  hybridized. 
Bauschlicher's  (120)  recent  consideration  of  the  bonding  in 


this  species  has  yielded  the  sane  ground  state  as  experiment, 
He  attributes  the  high  spin  ground  state  to  the  4s-3d  spin 
coupling  being  much  larger  than  the  3d-3d  interaction.  This 
assumes  the  latter  is  weak  because  evidence  shows  no  formation 
of  multiple  bonds.  The  above  calculation  also  yields  a low 
spin  state  only  0.44  eV  higher  than  the  ground  state. 

CrMn 

When  the  extremes  in  bonding  observed  in  the  cr.  and  Mn. 
species  are  considered  a ground  state  for  CrMn  is  not 
unreasonable.  The  variation  in  the  strength  of  the  3d-3d 
interactions  in  ths  two  dimsrs  reaches  an  Intermediate  degree 
of  multiple  bonding  which  is  in  line  with  the  dissociation 
energies  predicted  by  Miedema  (109) , for  Mn.,  CrHn,  and  Cr.  as 
42,  94,  and  151  kJ/mol,  respectively,  one  then  may  loosely 
postulate  a pentuple  bond,  (s+d)  ^c*dm^d^^ , with  three  unpaired 
spins  in  hybridized  sdo  orbitals.  Alternatively  not  all  of  the 
d£  electrons  could  be  bonding.  ESR  indicates  about  12%  so 
character  in  the  unpaired  spins  of  ^^Kn  but  the  hyperfine 

yields  a considerably  larger  value.  This  could  quite  likely  be 
due  to  the  uncertainty  introduced  into  | , caused  by 

the  uncertainty  in  Ajj  (^^Cr) . The  only  reasonable  estimate  that 
may  be  made  is  that  A|(^^Cr)  is  relatively  small  due  to  the 
lack  of  second  order  splitting  in  the  hyperfine.  Based 

upon  this  it  is  reasonable  to  assume  that  ^ HHz, 

and  the  so  character  is  approximately  30  ± 10%.  This  value 


would  tend  to  favor  an  interpretation  in  which  not  all  the  dj 
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CHAPTER  VI 
AND  GROUND  STATE  OF 

Introduction 

The  study  of  the  ground  state  and  electronic  properties 
of  SCCr  provide  evidence  of  the  stated  oversinplif ication  of 
the  general  applicability  of  an  isovalency  principle  to 
binetallic  transition  netal  species.  While  the  prediction  of 
Brewer  (101),  for  strong  bonding  within  diatonics  composed  of 
widely  seperated  transition  metals,  has  been  proven  reoarhably 
insightful,  the  extension  of  this  principle  to  molecules  that 

less  in  the  case  of  ScCr  (129),  as  well  as  other  cases  (80). 
Referring  to  figure  (34),  one  observes  that  the  ground  state 

van  zee  (106)  as  ^S,  and  following  the  diagonal  indicating 
nine  valence  electrons  the  only  other  isovalent  molecule  is 
ScCr.  Here  the  analysis  of  observed  ESR  spectra  of  ScCr 

establishes  its  ground  state  as  ^£. 

Experimental 

In  the  case  of  ScCr  a variety  of  methods  were  used  to 
93.9%  purity)  and  chromium 


powder  (Aldrich, 


.99%  purity) 
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net  nuclear  spin  ana  thus  the  indicated  spectra  show  only 
splitting  into  eight  hyperfine  lines  each  by  the  interaction 
with  a single  (1=7/2  100%  nat.  abundance)  nucleus.  The 

centers  of  the  lines  in  argon  are  approximately  1540,  1955, 
2945,  4660,  and  6190G.  The  phases  and  positions  of  four  of 
these  lines  indicate  that  they  may  be  assigned  as  perpendicu- 
lar (XY)  transitions  of  a *S  molecule,  while  the  fifth  line 
can  only  be  accounted  for  as  an  off-principal-axis  ('extra') 
line  for  such  a system.  The  transitions  in  argon  are  designat- 
ed as  XYl  (1S40G),  XV2  (1955G),  XV3  (2945G),  XY5  (6190G) . The 

magnitude  of  the  iero-field  splitting  parameter  (|D|)  is 
between  0.10  cm'^  and  0.20  cm"^.  (see  figure  (17))  The  field 
positions  for  all  observed  lines  are  listed  in  Table  (14). 

Analysis 

The  axially  symmetric  spin  Hamiltonian  utilized  in  this 
analysis  is  the  same  as  t)iat  used  previously  with  the  addition 

M - gjBeHjgj  + 9j.6e'«x®x  * "y®y* 

+ D[Sj2  - 1/3S(S  * 1})  t - 1/31(1  + 1)] 
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Figure  (35)  ESR  spectrujo  of  the  XVI  and  XV2  lines  of  ScCr 
Isolated  in  argon  at  4K.  v = 9.57aSB  <3Hz 
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Figure  (36)  ESR  spectra  of  XY3  and  XYS  lines  of  Sccr  isolated 
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Figure  (37)  ESR  spectrum  of  the  off-principal-axis  line  of 
ScCr  isolated  in  argon  at  4K.  v = 9.57888  GHz 


14;  Observed  and  calculated (a)  spectral  line  poBitione 
(in  G)  of  the  *®ScCr  molecule  in  an  argon  matrix  at  4K.  (v  = 
9.578S8  GHz)Uncertainties  0 are  in  C. 


exptl.  calc. 


used  in  calculation;  = 2.070,  gj  - g^ 


Parameters 


65°  indicating  an  off-principal*axi6  transition  at  that  angle. 
The  weaker  XVS  transition  is  also  shown  clearly  around  6200G. 
Although  it  is  not  made  obvious  by  the  individual  spectra 

correct  in  the  simulated  spectrum  with  the  exception  of  the 
three  'extra'  lines  all  of  which  are  less  intense  than 
predicted.  Of  the  two  extra  lines  predicted  to  be  between  4 

seen  experimentally.  It  was  considerably  weaker  than  expected. 
The  remaining  'extra'  line  predicted  to  appear  furthur  up 
field  around  6S00G  was  not  observed  and  was  presumably  too 
weak.  This  is  reasonable  since  the  observed  'extra'  line  had 
less  than  half  its  expected  intensity,  a ratio  which  would 
place  the  height  of  the  line  predicted  at  6500G  near  or  below 

broadening  of  these  'extra'  lines  which  also  contributes  to 
the  inability  to  observe  them.  The  variation  of  the  relative 
intensities  of  the  observed  lines  has  been  studied  as  a 
function  of  temperature  and  has  Indicated  that  the  sign  of  the 
zero-field  parameter  D is  negative. 

The  exact  fitting  of  the  hyperfine  transitions  listed  in 

parameters  also  listed  there.  Of  these  parameters  gj^,  D and 


Figure  (36)  Calculated  orientaional  dependence  of  resonant 
fields(top),  and  simulated  spectrum  for  SoCr  molecule  with 
the  parameters  D = -0.1311  cm"^,  gj_  = 2.070,  g,  ■ 2.0023  . 


I are  given  with  smallest  uncertainties,  while  g||  is 
assumed  equal  to  g . The  quadrupole  coupling  constant  Q' (^®Sc) 
is  snail  with  a relatively  high  uncertainty.  The  value  of 
|A|(*®Sc)|  cannot  be  determined  to  a high  degree  of  accuracy 
due  to  the  lack  of  appearance  of  parallel  transitions.  The 
latter  are  presumed  to  be  far  weaker  than  the  perpendicular 
transitions  observed.  However,  the  variation  in  hyperfine  in 
the  single  'extra'  line  observed  is  indicative  that  |Aj_(*^Sc)  | 
is  either  smaller  than  |Aj_(^®Sc)|,  or  of  opposite  sign,  or 
both.  A complete  list  of  derived  magnetic  parameters  is  given 
in  table  (15). 

Finally,  figure  (39)  shows  a portion  of  the  XY3  line  ob- 
served using  the  sintered  pellet  which  was  55%  enriched  in 
®^Cr(I  = 3/2).  Two  sets  of  observed  hyperfine  splittings  are 
shown  for  that  nucleus  along  with  the  strong  central  peaks  of 
the  ^®Sc®Cr  formed  from  the  remaining  natural  isotopes  of  Cr. 
The  four  line  hyperfine  pattern  clearly  shows  the  existence  of 
one  ®^Cr  atom.  This  spectrum  is  complicated  by  the  presence 
®^Cr  hyperfine  splitting  of  16G  which  is  essentially  half  of 
that  derived  for  ^®Sc.  Reduction  in  the  intensity  of  lines  due 
to  use  of  the  enriched  isotopic  mixture  has  also  made  the 
spectra  less  sharp  and  more  sensitive  to  the  background 
interference  from  other  species  such  as  Sc. (130).  There  is 
also  a small  variation  from  the  predicted  intensity  ratios 
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Derived  magnetic  parameters  for  the  ^^Sc^^cr  molecule  in  an 


|Aj.(*®SC)| 

|A||(*®Sc)| 


(assumed] 

-0.1311(2)  I 
94.5(10)  MHi 
28(15)  MHa 


( (cos^e  - 1) /r^> 

%ss  character (^^Sc) 


-22(5)  MHi 
0.066(6) 


(a)  calculated  assuming  A 


13(1)  (a) 
1.2(2)  MH: 
-46(6)  MH: 


of  the  center  lines  and  the  four  lines  of  each  quartet.  This 
is  presumably  due  to  the  laser  sample  being  a non-nolecular 
solid. 

Discussion 

The  good  agreement  between  the  calculated  and  observed 
spectra  verify  that  ScCr  has  a graound  state.  There  are  two 
obvious  choices  for  acceptable  ground-state  electron  configu- 
rations: 


in  which  the  3df  orbital  would  be  largely  localized  on  Cr,  The 
actual  ground  state  configuration  is  most  likely  intermediate 
between  these  two.  since  the  ground  state  of  the  cr  atom  is 
4s^3d°  the  maximization  of  bonding  in  this  system  can  be 
achieved  by  the  promotion  of  one  Sc  as  electron  from  the 
ground  state  of  4s^3d^  to  an  excited  state  of  as^'ld^.  This 
would  require  only  1.43  ev  (I3l). 

As  previously  demonstrated  the  approximate  sc  character 
of  the  unpaired  spins  can  be  obtained  from  the  ratios  of  the 
derived  values  of  each  nucleus  in  the  molecule  and  the 
analogous  atomic  values  taking  into  account  an  appropriate 
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spin  dilution  factor.  As  noted  in  table  (15)  tbe 
AjgQ  and  are  derived  assuming  the  signs  of  Aj^ 
the  sane.  With  this  in  mind  the  largest  percentage 
ter  which  nay  be  derived  for  the  nucleus  is 


values  of 
and  Aj  are 


(122) 


r the  '*Cr  nucleus, 


100(-46  • S)/-748.2  - 31%  . (123) 

Here  the  isotropic  hyperfine  constant  for  Cr  is  given  as  a 
negative  value  in  agreement  with  the  sign  of  the  atomic 
moment.  These  values,  particularly  that  of  Cr,  must  be  consid- 
ered very  crude  estimates  due  to  the  uncertainties  in  A^jp  for 
both  nuclei.  However,  they  are  certainly  good  estimates  of  the 
maximum  so  character  for  each  nucleus  and  therefore  indicate 
that  the  majority  of  the  unpaired  spin  resides  in  the  various 
d molecular  orbitals.  The  magnitude  of  the  anisotropic 
hyperfine  parameter  is  then  due  to  a combination  of  their 
different  contributions.  In  this  regard  do  and  do  orbitals 
contribute  quantities  of  the  same  sign  as  the  nuclear  moment 
while  d£  orbital  populations  contribute  quantities  of  opposite 
sign.  The  possibility  of  partial  cancellation  of  these 


of  relative  popi 


d oolecular  orbitals  difficult. 

Even  considering  the  high  uncertainty  in  A||(’®Sc),  the 


able  that  Ajjp(*®Sc)  = (A|  - »i)/3  is  negative.  This  implies 

orbitals.  Such  a negative  value  could  also  be  explained  by  a 
similar,  but  less  likely,  effect  through  pn  orbitals.  This  of 
course  would  oorrespond  to  predictions  made  by  Brewer  with 
regard  to  binary  alloys  (lOl).  However,  due  to  the  snail  size 

sign  is  negative  the  above  argument  must  be  reversed  and  the 
dominant  contribution  to  would  be  from  electrons  in 
the  do  and  dm  orbitals.  In  either  case  there  would  appear  to 


obtained  for 


2/s  - -2/7  • 


(124) 


Since  the  contributions  from  the  other  d orbital  occupations 
would  only  reduce  this  value  the  true  value  of 
probably  somewhat  lees  than  the  maxinum.  Kecessarily,  Ajj  (^^Cr) 
cannot  be  equal  to  zero. 

The  observed  positive  shift  in  g±  (Agx  “ 9x  “ “ 

+0.070)  implies  that  there  is  an  inverted  low- lying 

excited  state  coupled  with  the  ground  state  by  means  of  spin 
orbit  coupling.  This  argument  assumes  that  only  one  excited 
state  is  involved,  when  in  fact  several  such  states  may  be 
interacting  (40,41).  However,  the  magnitude  of  the  shift  in 
this  case  would  clearly  indicate  that  inverted  H states  are 
dominant.  Examining  equations  (122)  and  (123)  one  finds  that 
the  production  of  such  a state  could  be  accompliehed  by 
placing  a 3dc  electron  in  a 4dir  orbital.  To  estimate  the 
separation  of  ground  and  excited  states  a version  of  equation 
(30)  may  be  recalled, 

4gx  = +0.07  = ({/Sj(do|£,jj|dm)(dir|£,jj|do)/4E  (125) 

Some  average  of  the  spin-orbit  coupling  constants  for  the  two 
atoms  may  then  be  used  for  £ (111),  the  denominator  S = 5/2, 
and  4B  is  the  n.  to  XE  energy  difference.  In  this  crude 
calculation  the  coefficients  of  the  dm  and  do  orbitals  have 


been  assumed  unity  so  that  a naxinun  of  dE  is  obtained.  An 
average  of  ^ = 145  cm  was  assumed  and  gave  the  result  that 
the  ^n.  state  lies  only  - 2500  cm  ^ above  the  ground  state. 


CHAPTER  VII 

TRANSITIOH  METAL  HALIDE  CLUSTERS 


and  dihalidee  of  manganese  and  other  first-row  transition 
metals  readily  form  significant  amoiuits  of  diners,  and  in  the 
case  of  the  latter  studies  evidence  points  to  the  structure  of 
these  compounds  involving  halide  bridges.  This  chapter  is 
concerned  with  the  details  of  attempts  to  study  these  systems, 
isolated  in  various  matrices,  by  the  use  of  ESI?  spectroscopy. 


Expei 


aental 


Various  problems  in  the  production  of  the  molecules  and 
clusters  to  be  studied  forced  modifications  in  the  standard 
techniques  discussed  in  previous  chapters,  Foremost  of  these 
was  that  the  majority  of  the  compounds  were  extremely  hygro- 
scopic. Previous  studies  had  dealt  with  this  problem  in 
various  ways  with  limited  success  (70,82,139,146).  In  this 
case  a special  furnace  was  constructed  which  has  been  de- 
scribed in  chapter  II,  and  presented  in  figures  (6)  and  (7). 
This  device  was  designed  to  be  attached  to  the  dewar  apparatus 
using  a dual  gate  valve  assembly.  It  could  be  left  attached 
during  the  taking  of  spectra.  The  latter  condition  was  to 
ensure  thet  the  compound  to  be  vaporized  was  not  contaminated 
by  exposure  to  atmosphere.  As  a consequence  of  this  condition 
the  furnace  had  to  be  small  enough  to  pass  between  the  coils 
of  the  Varian  v-3600  magnet.  Special  valves  were  also  in- 
stalled so  that  the  inside  of  the  furnace  and  the  small  space 
between  the  dewar  gate  valve  and  the  furnace  gate  valve  could 
be  pumped  out  without  exposing  the  interior  to  atmosphere.  The 


entire  furnace  assembly  was  prepared  for  use  within  the 
confines  of  a Vacuum  Atmosphere  Corporation  dry  box  to  ensure 
the  purity  of  the  vaporized  sample.  The  furnace  was  either 
pumped  out  while  in  the  dry  box  or  was  sealed  with  a nitrogen 
atmosphere  inside  and  pumped  out  slowly  after  attachment  to 
the  dewar  assembly.  The  slow  pumping  speed  was  necessary  to 
prevent  the  very  fine  powders  from  being  catastrophically 
sucked  out  of  the  Knudsen  cell.  Chemicals  used  for  these 
experiments  included  HnF,  lAesar  99%  purity),  HnCl^  (Fischer 
99+%  purity),  CoFj  (Alfa  99%  purity),  and  CUFj  (Aldrich  99+% 
purity) . 

The  manganese  compounds  wsre  Initially  vaporized  using 
tantalum  Knudsen  cells  approximately  3/4  of  an  inch  in  length. 
Later  experiments  were  performed  using  similar  cells  made  of 
spectroscopic  grade  graphite.  Vaporization  temperatures  for 
the  compounds  used  were  for  KnFj  850*  - 1250'C,  Mncl^  8S0"  - 
1150'C,  CoF,  1000“  - 1200“C,  and  CuF,  850“C.  Cell  temperatures 
were  measured  with  the  use  of  a Leeds  and  Northrup  optical 
pyrometer  with  readings  uncorrected  for  emissivity,  and  with 
the  use  of  a Chromel  vs,  Alumel  thermocouple  which  was  wrapped 
around  the  cell  itself.  Hetal  halide  vapor  was  codeposited 
onto  a copper  rod  maintained  at  12K  with  the  use  of  an  APO 
cryogenics  Displex  liquid  helium  refrigerator.  Matrix  gases 
utilized  were  for  HnF,  argon (Alrco  99.995%  purity),  cyclopro- 
pane (Hatheson  99.0%  purity] , octaflourocyclobutane (Union 


phenomenon 


Mnp2  /Ar 


1170 

HCG) 


similar  resolution  was  obtained  tor  HnF^  in  SF^,  while 
reaction  with  the  matrix  gas  seemed  to  eliminate  the  signals 

Originally  samples  were  vaporized  using  tantalum  Knudsen  cells 
and  significant  signals  for  MnF  were  observed,  indicating  the 


the  cell 
a layer 
outside. 


after  a number  of  experiments  it  was  discovered  that 


salt  and  decomposing  it.  To  remedy  this  situation  carbon  cells 
were  made  and  used  with  a large  reduction  in  HnF  signals. 
Hncl.  showed  similar  results  to  the  fluoride  except  that  the 
resolution  was  not  nearly  as  good  due  to  the  presence  of 


multiple  isotopes.  In  neither  case  was  positive  evidence  of  a 


In  the  case  of  CoF,  no  spectra  indicative  of  the  salt 
were  observed  in  any  matrix,  although  heavily  concentrated 
matrices  did  show  broad  background  signals.  These  signals 


though  had  no  resolvable  hyperfine  structure. 

CuF,  was  attempted  in  analogy  to  other  observed  flouride- 
bridged  copper  dimers.  Unfortunately  the  only  spectra  were 
observed  in  argon  and  SFg  and  could  be  assigned  to  the  CuF^ 
molecule  previously  observed  by  Kasai  et  al.(146). 


)upll.ng 


Implies  the  existence  of  a number  of  low-lying  excited  states. 
This  is  also  supported  by  the  variations  in  g value,  all  of 
which  are  quite  large.  As  a final  note  attempts  to  observe  the 
remaining  fifteen  valence  electron  congeners  were  unsuccess- 
ful. This  is  due  to  unknown  difficulties  in  preparation  of  the 
molecule  of  interest  or  possibly  because  these  molecules  have 
ground  states  not  observable  by  ESR  (40,41). 

The  antiferromagnetic  character  of  the  manganese  dimer 
has  been  confirmed  as  has  the  existence  of  the  higher  spin 
states  S = 4 and  S = 5,  It  has  also  been  established  that, 
contrary  to  previous  reports,  the  spacing  of  these  levels 
appears  not  to  follow  a Lands  interval  rule.  Additionally 
exchange  striction  seems  to  be  evident  from  the  variation  in 
0,  values.  Despite  the  contradiction  with  previous  results, 
the  Mn,  molecule  is  still,  quite  obviously,  a Van  der  waals 
molecule  with  a relatively  long  bond  distance  of  between  3.1 
and  3.6  A.  In  comparison  with  other  species,  CrHn,  Hn^  , and 
Cr,,  the  dominant  factor  in  the  bonding  of  these  molecules 
seems  to  be  the  magnitude  of  the  3d-3d  interaction  which  is 
relatively  low  in  the  case  of  Mn  atoms  and  high  in  the  case  of 
Cr  atoms.  This  serves  to  explain  the  relatively  weak  bonding 
indicated  by  the  ESR  spectra  of  Hnj  and  Hn^  , and  the  signifi- 
cantly stronger  bonding  Indicated  by  the  ESR  spectra  of  CrMn, 
and  previously  observed  in  Cr-  (2,98).  The  fact  that  the 
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limitation  that  ESR  cannot  obtain  complete  data  for  molecules 
with  iero-fieia  splittings  greater  than  about  2 cm“^.  This 
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